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(57) ABSTRACT 

A process for metallization of a workpiece, such as a 
semiconductor workpiece. In an embodiment, an alkaline 
clecjrpjytic^copper bath is used to electroplate copper onto 
ajseed layer, electroplate copper directly onto a barrier layer 
material, or enhance an ultra-thin copper seed layer which 
has been deposited on the barrier layer using a deposition 
process such as PVD. The resulting copper layer provides an 
excellent confirm copper coating that fills trenches, vi as, and 
other micros tructures in the workpiece. When used for seed 
layer enhancement, the resulting copper seed layer provide 
an excellent conformal copper coating that allows the micro- 
structures to be filled with a copper layer having good 
uniformity using electrochemical deposition techniques. 
Further, copper layers that are electroplated in the disclosed 
manner exhibit low sheet resistance and are readily annealed 
at low temperatures. 
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APPARATUS AND METHOD FOR 
FI KCTROCHEMICALLY DEPOSITING METAL 
O^ SEMICONDUCTOR WORKPIECE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a ^^nation of US. 
patent appUcation No. 09/387,099, filed Aug 31, .1999, 
which is a continuation of International Patent Apphcauon 
No! PCT/US99/06306, filed Mar. 22, 1999 designing toe 
United States, which is a continuation-in-part of U.S. patent 
Ztication No. 09/045,245, filed Mar. 20, 1998 and claim- 
STthe benefit of U.S. Provisional Patent Application No^ 
60/085,675, filed May 15, 1998; ^^"^ 
International Patent Apphcation No. PCWS00/10120,hlea 
Apr 13, 2000, designating the United States and claiming 
£1 benefit of U.S. Provisional Patent App^on Nos. 
60/182,160, filed Feb. 14, 2000; 60/143,769, filed Jul. 12, 
W99, ^nd 60/129,055, filed Apr. 13, 1999; an 1 dau^Je 
benefit of U.S. Provisional Patent Application No. 60/206, 
663, filed May 24, 2000, the disclosures of each of which are 
hereby expressly incorporated by reference. 

FIELD OF THE INVENTION 
,00021 The present invention relates to electrochemical 
Procuring of workpieces, and particularly for processes, 
Sand chemical solutions for depositing metals on 
microelectronic and micromechanical woikpieces. 

BACKGROUND OF THE INVENTION 
r00031 In the fabrication of microelectronic devices, appli- 
cation of one or more metallization layers is often an 
important step in the overall fabrication process. The met- 
allization may be used in the formation of discrete > micro- 
electronic components, such as read/write heads, but it is 
more often used to interconnect components formed on a 
workpiece, such as a semiconductor workpiece. For 
example, such structures are used to interconnect the devices 
of an integrated circuit. 

r0004] Abasic understanding of certain terms used herein 
will assist the reader in understanding the disclosed subject 
matter. To this end, basic definitions of certain terms, as used 
in the present disclosure, are set forth below. 

,00051 Single Metallization Level is defined as a 
composite level of a woikpiece that is exterior to the 
substrate. The composite level comprises one or 
more metal structures. 
T00061 Substrate is defined as a base layer of material 
over which one or more metallization levels are 
disposed. The substrate may be, for example, a 
semiconductor, a ceramic, etc. 
r0007l Workpiece is defined as an object that at least 
comprises a substrate, and may include further layers 
of material or manufactured components, such as 
one or more metallization levels, disposed on the 
substrate. The woikpiece may be, for example, a 
semiconductor wafer, a micromechanical device, or 
other device. 

f0008] An integrated circuit is an interconnected ensemble 
of devices formed within a semiconductor material and 



within a dielectric material that overlies a surf** of Je 
semiconductor. Devices which may be formed within the 
semiconductor include MOS transistor, bipolar **s^ 
diodes and diffused resistors. Devices which may be formed 
within the dielectric include thin-film resistors and capaci- 
tors Typically, more than 100 integrated circuit die (IC 
chips) are constructed on a single 8 inch diameter silicon 
wafer. The devices utilized in each dice are mterconnected 
by conductor paths formed within the dielectric. Typically, 
two or more levels of conductor paths, with successive 
levels separated by a dielectric layer, are employed as 
interconnections. In current practice, an aluminum aUoy and 
silicon oxide are typically used for, respecUvely, the con- 
ductor and dielectric. 

T00091 Delays in propagation of electrical signals between 
SSL on a stagle die limit the performance of integrated 
circuits. More particularly, these delays limit the speed a 
which an integrated circuit may process these electneal 
signals. Larger propagation delays reduce the qpeed at which 
reintegrated circuit may process the electrical signals, 
while smaller propagation delays increase this speed. 
Accordingly, integrated circuit manufacturers seek ways in 
which to reduce the propagation delays. 
[0010] For each interconnect path, signal propagation 
delay may be characterized by a time delay x See EH. 
S^Mervonnect Technology, QMC, Inc., July 1993. An 
approbate expression for the time delay, x, as it relates to 
the transmission of a signal between transistors on an 
integrated circuit is given below. 



T-RCll^V^/RW)] 
roOlll In this equation, R and C are, respectively, an 
equivalent resistance and capacitance for tbe mterconnect 
pi and 1^ and V^ are, respecUvely, the sjtt^tton 
Laximum)^urrent and the drain-to^ource potential at the 
onset of current saturation for the transistor that applies a 
signal to the interconnect path. The path resistance is pro- 
portional to the resistivity, p, of the conducto ^tenal The 
path capacitance is proportional to the relatrve dielectric 
permittivity, of the dielectric material. A small value of 
x requires that the interconnect line carry a current density 
sufficiently large to make the ratio V^/Msat small It 
follows therefore, that a low-p conductor which car. carry a 
mgb current density and a low-K. dielectnc mus be utitoj 
infoe manufacture of high-performance integrated circuits. 

r00121 To meet the foregoing criterion, copper intercon- 
nect lines within a low-K. dielectric wffl likely replace 
aluminum-alloy lines within a silicon oxide dielectric as toe 
most suitable interconnect structure. See Copper Ooes 
Mainstream: Low-k to Follow", Semiconductor Interna- 
tional, November 1997, pp. 67-70. Resistivities of copper 
fUms are in the range of 1.7 to 2.0 1» mMh ' °f 
aluminum-alloy films are in the range of 3.0 to 35 /42cm. 

r0013] Despite the advantageous properties of copper, it 
has not been as widely used as an interconnect material as 
one would expect. This is due, at least part, to £ 
difficulty of depositing copper metallization and, ftirther, due 
to the need for the presence of barrier layer materials. The 
need for a barrier layer arises from the tendency of copper 
to diffuse into silicon junctions and alter the electrical 
characteristics of the semiconductor devices formed m the 
substrate. Barrier layers made of, for example, titanium 
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nitride, tantalum nitride, etc., must be laid over the silicon 
junctions and any intervening layers prior to depositing a 
layer of copper to prevent such diffusion. 

[0014] A number of processes for applying copper metal- 
lization to semiconductor workpieces have been developed 
in recent years. One such process is chemical vapor depo- 
sition (CVD), in which a thin copper film is formed on the 
surface of the barrier layer by thermal decomposition and/or 
reaction of gas phase copper compositions. A CVD process 
can result in conformal copper coverage over a variety of 
topological profiles, but such processes are expensive when 
used to implement an entire metallization layer, 

[0015] Another known technique, physical vapor deposi- 
tion (PVD), can readily deposit copper on the barrier layer 
with relatively good adhesion when compared to CVD 
processes. One disadvantage of PVD processes, however, is 
that they result in poor (non-conformal) step coverage when 
used to fill microstructures, such as vias and trenches, 
disposed in the surface of the semiconductor workpiece. For 
example, such non-conformal coverage results in less cop- 
per deposition at the bottom and especially on the sidewalls 
of trenches in the semiconductor devices. 

[0016] Inadequate deposition of a PVD copper layer into 
a trench to form an interconnect line in the plane of a 
metallization layer is illustrated in FIG. 1. As illustrated, the 
upper portion of the trench is effectively "pinched off 
before an adequate amount of copper has been deposited 
within the lower portions of the trench. This result in an open 
void region that seriously impacts the ability of the metal- 
lization line to carry the electrical signals for which it was 
designed. 

[0017] Electrochemical deposition of copper has been 
found to provide the most cost-effective manner in which to 
deposit a copper metallization layer. In addition to being 
economically viable, such deposition techniques provide 
substantially conformal copper films that are mechanically 
and electrically suitable for interconnect structures. These 
techniques, however, are generally only suitable for apply- 
ing copper to an electrically conductive layer. As such, an 
underlying conductive seed layer is generally applied to the 
workpiece before it is subject to an electrochemical depo- 
sition process. Techniques for electrodeposition of copper on 
a barrier layer material have not heretofore been commer- 
cially viable. 

[0018] The present inventors have recognized that there 
exists a need to provide copper metallization processing 
techniques that 1) provide conformal copper coverage with 
adequate adhesion to the barrier layer, 2) provide adequate 
deposition speeds, and 3) are commercially viable. These 
needs are met by the apparatus and processes of the present 
invention as described below. 

BRIEF SUMMARY OF THE INVENTION 

[0019] The present invention provides processes and 
apparatus for enhancing or repairing ultra-thin or incomplete 
metal seed layers that have been deposited on a workpiece, 
using electrolytic or electroless plating baths, in an elec- 
trodeposition reactor that is designed and adaptable for 
substrates having differing electrical properties. 

[0020] One embodiment of the invention provides a pro- 
cess for applying a metallization interconnect structure to a 



workpiece on which an ultra-thin metal seed layer has been 
formed using a first deposition process. The first deposition 
process anchors the ultra-thin metal seed layer to an under- 
lying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. 
The process entails repairing the ultra-thin metal seed layer 
by electrochemically depositing additional metal on the 
ultra-thin metal seed layer within a principal fluid chamber 
of a reactor to provide an enhanced seed layer using a second 
deposition process. The second deposition process, which is 
different from the first deposition process, entails supplying 
e lectroplating power to a plurality of concentric anodes 
disposed at different positions within the principal fluid flow 
chamber relative to the workpiece. After seed layer repair, 
additional metal is deposited in an electrolytic bulk plating 
process onto the enhanced seed layer, under conditions in 
which the deposition rate of the electrolytic deposition 
process is substantially greater than the deposition rate of the 
process used to repair the metal seed layer. 

[0021] Another embodiment of the invention provides a 
process for applying a metallization interconnect structure to 
a workpiece on which an ultra-thin metal seed layer has been 
formed using a first deposition process. The first deposition 
process anchors the ultra-thin metal seed layer to an under- 
lying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. 
The process entails repairing the ultra-thin metal seed layer 
by electrochemically depositing additional metal on the 
ultra-thin metal seed layer within a principal fluid chamber 
of a reactor to provide an enhanced seed layer using a second 
deposition process, that is different from the first deposition 
process. The second deposition process entails supplying 
electroplating power to a plurality of electrodes within the 
principal fluid flow chamber. At least two of the plurality of 
electrodes are independently connected to an electrical 
power supply. The supply of electrical power to the at least 
two electrodes is independently controlled during repair of 
the ultra-thin metal seed layer. Af&rjrejgair ofjhe r s$ed layer, 
ad^litjojiaJLnte^^is ^electroly^caUy ^deposited qn^ the 
en hanced se ed layer under conditions in which ^^deposi- 
tion rate of me^ectrolytic deposition process is substan- 
tially greater than the deposition rate of the process used to 
repair the metal seed layer. 

[0022] Another embc>diment of the invention provides a 
process for applying a metallization interconnect structure to 
a workpiece on which an ultra-thin metal seed layer has been 
formed using a first deposition process. The first deposition 
process anchors the ultra-thin metal seed layer to an under- 
lying layer, the ultra-thin metal seed layer having physical 
characteristics that render it generally unsuitable for bulk 
electrolytic deposition of a metal onto the metal seed layer. 
The process entails subjecting the,workpiece to an electro- 
chemical deposition process that is different from the first 
deposition process, in an alkaline electroplating bath. The 
alkaline electroplating bath includes metal ions complexed 
with a complexing agent such that additional metal is 
deposited on the ultra-thin- copper seed layer to thereby 
repair the seed layer. This results in an enhanced seed layer. 
The second deposition process is carried out by supplying 
electroplating power to a plurality of concentric anodes 
disposed at different positions, relative to the workpiece, 
within a principal fluid flow chamber of a reactor. There af- 
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tor additional metal is deposited on the enhanced seed Ifcyer 
^gan electrolytic bulk deposition process ™^ <™di- 
&mf in which the deposition rate of the electrolyte <topo- 

of the process used to repair the metal seed layer. 
rnn231 Another embodiment of the invention provides a 
Es foTTtSing a metallization interconnect structure to 

formed using a first deposition process. The first depoaUon 
anchors the ultra-thin metal seed layer to an under- 
Krte ultra-thin metal seed layer havmg physical 
render it generally > "HSlSS 
electrolytic deposition of a metal onto the metal flayer- 
TieTrooess emails subjecting the workpiece to an elecUo- 
SSposition process that is different from the tat 
a Z^mL mocess in an alkaline electroplating bath. The 
£Tm XS^l to complexed with a comparing 
JltSTataXnalmetal^deposited on theultra-dnn 
^ir^d layer to thereby repair the seed layer, resulting 

seed laye . Toe first 
entails supplying electroplating power to a pw™y« 
Steffi the principal fluid flow chamber, wherein 
SSSo of the plurafity of ti^~£%£% 
connected to an electrical power supply. Jhe supplyol 
Seal power to the at least two electrodes is indepen- 
dS Sd during repair of the ultra-thin metal seed 
tSSSSS additional metal is electrolyticaUy depos- 
5 onTenhanced seed layer under ^conditions ^nvwhrch 
the deposition rate of the electrolytic deposition 
substantially greater than the deposition rate of the process 
used to repair the metal seed layer. 
r«r241 Another embodiment of the invention provides a 
E foTaPplying a metallization interconnect structure to 

Susing a first deposition process. The fin* deposition 
„ZZ anchors the ultra-thin metal seed layer to an under- 
ETaytr, the ultra-thin metal seed layer havjng phyacal 
Sctoristics that render it «^ — 5 *J 
electrolytic deposition of a metal onto the metal seed layer. 
S?2S» Ss repairing the ultra-thin metal seed layer 
bVeCLmicaUy depositing additoonal metalon dw 
ultra-thin metal seed layer within a principal fluid chamber 
of I realSrovide an enhanced seed layer usuig a second 
££ process, that is different from the first deposition 
frS iE^pair, the workpiece is exposed to an 
eKlS^^on within a fluid flow chamber of a 
reador The fluid flow chamber defines a sidewafl and a 
ulumUty of nozzles disposed in the sidewall and arranged 

P ^^rf to nrovide vertical and radial fluid flow corn- 
et rs cSS — • »y *sz 

^al flow component radially across a surface of the 
l^eoeon which the ultra-thin metal seed layer is 
Thereafter additional metal is electrolyticaUy 
5£d£ ^enhanced seed layer under conditions in 
S the deposition rate of the deposition process is 
SnSy heater than the deposition rate of the process 
used to repair the metal seed layer. 



r00251 Another embodiment of the invention provides a 
£L frying a metallization interconnect structureto 
SSeonwhtehanultra-thin metalseed 'laye'hasbeen 
££ a first deposition process. The firs deposition 
„™ anchors the ultra-thin metal seed layer to an under- 
KTay«, the ultra-thin metal seed layer havmg physical 



characteristics that render it generally "JJ^JJ 
electrolytic deposition of a metal onto the metal seed layer. 
mpTess subjecting the workpiece toan ele<*o- 
chernical deposition process that is different from the first 
deposition process, in an alkaline ^planngl WtTte 
bah includes metal ions complexed with a eompknog 
^nStlm^tiorudtKtalisdeprisitedonuKn^to 

co^seed layer to thereby repair the seed layer ^ting 
^enhanced seed layer. Dunng repair, the workpuxe 
exposed to an electroplating solution within a fluid flow 
£. of a reactor, the fluid flow chamber _definmg^ 
sidewall and a plurality of nozzles disposed m die artewau 
rnd^anged and directed to provide vertical and radwl flu d 
fit TmPonente that combine to create a substantially 
ionn normal flow component md^fly across a ^ oj 

Zworkpiece on which the ultra-thin metal seed layer is 
forrnrfTtemafter, additional metal is deposited on the 
Xntd^d layer under electi olytic plating i«d*» in 
which the deposition rate of the depository process * 
substantially greater than the deposiUon rate of the process 
used to repair the metal seed layer. 
r0 0261 Another embodiment of the invention provides a 
Es foTapplying a metallization interconnect structure to 
aSe^wtebanmti^^^^^ 

ftZed uring a first deposition process. The first deposition 
nroS^ncbors the uClhin metal seed layer to an under- 
toe ultra-thin metal seed layer havmg pbysi«d 
chmcteristics that render it generafly unsuitable for bulk 
cES& Supposition of a metal onto the metal flayer 
The process entails repairing the ultra-thm metal seed layer 
^Co^henncaUy depositing additional meUl ^ £ 
uUra-thin metal seed layer within a principal fluid chamber 
ofairtoprovideanen^^ 
electrolytic or electroless deposiUon process, that ■ abort 
fronTthe first deposition process. Thereafter adcfrUonal 
Si rele^oly&ally deposited in bulk on the enhanced 
Sayerlle/conditions in which the deposition rate of 
ek^rolytic deposition process is subtly! B™ter 
San the deposition rate of the process used to repair the 
iZvd layer The bulk deposition process entaib sup- 
plvt^cSpUmi power^a plurality <« e«*nc 
Ss disposed at different positions within the principal 
fluid flow chamber relative to the workpiece. 
r0027] Another embodiment of the invention provides a 
nrocess for applying a metallization interconnect structure to 

formed using a first deposition process. The first deposition 
pro^sirs the ulia-thin metal seed layer to an under- 
KTayer, the ultra-thin metal seed layer havmg physical 
ScJristics that render it g^- afly u^kfor bvdk 
electrolytic deposition of a metal onto the metal seed layer 
TheTro^s entails repairing the nltra-min metal seed ayer 
D y electrolyticaUy or electrolessly ^depositing idchtmnd 
Jetal on the ultra-thin metal seed layer to provide an 
Xced seed layer using a second _deposmon > 
k different from the first deposition process. Thereafter 
Atonal metal is electrolyticaUy bulk ^eposited ^on the 
enhanced seed layer within a principal fluid chamber of a 
SoTunder conditions in which the deposition rateof die 

XSw«toapluramy of electrodes ^fe*"** 
fluid flow chamber, wherein at least two of the plurality of 
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electrodes are independently connected to an electric^ 
^werTpply. The supply of electrical power to the at least 
is independently controlled dunng deposi- 

tion. 

r(«281 Another embodiment of the invention provides a 
Sf^applymgametallizadonmterconne^stru 
aSfc«onwhteh anmtra-mmmetalseedlayerhasbeen 
LroXing a first deposition process. The first deposihon 
rC^Tnchors me ultra-thin metal seed layer to an under- 
1v^Tav« the ultra-thin metal seed layer having physical 
ScS«that render it generally unsuitable for bulk 
efeSuTSposition of a metal onto the metal seed layer. 
TbeTroSss emails repairing the ultra-thin metal seed layer 
S 6 e^emicali; ^depositing 

ultra-thin metal seed layer to provide an enhanced seeder 
usmg a second deposition process, that is afferent bomj* 
first deposition process. Thereafter . additional metal « elec 
^chemTcally bulk deposited on the enhanced sred flayer 
within a principal fluid chamber of a reactor under condi- 
gn which me deposition rate of the deposition proc^ 
issubstantially greater than the ^"Jj^g 
used to repair the metal seed layer. The bulk deposiuon 
^exposing me workpie* to an *fv£*>£*£ 
within a fluid flow chamber of a reactor, the 
SSL defining a sidewall and a pluraldy ofjrozzfcs 
d^sed in the sidewall and arranged and directed to 
Several and radial fluid flow components that com- 
bfaTto create a substantially uniform normal flow compo- 
nent radially across a surface of the workpiece on which the 
ultra-thin metal seed layer is formed. 
r0029] The present invention employs a novel approach jo 
Etallization of a workpiece, such as a ^coni^or 
workpiece. In accordance with the invention, an alkalme 
lESatina bath is suitably used to electroplate metal onto 

1™!°,, y 'repair OlT^nhMCc) S .iltra-thin copperjsggd 
K wtich hfin deposited on the barrier layer using a 
dStiof process such* PVD or CVD. The metal depo- 
toSne bath suitably takes place ma reactor 
mchromg a plurality of electrodes. In a first embodiment the 
SeSmd« a?e concentric annular anodes arranged at jhfie - 
tactions relative to the workpiece. 
menL the plurality of electrodes are mdependently con- 
Sd for greater uniformity in metal deposition across the 
woftpfcee. to a third embodiment, the reactor » configured 
rScTa hehcal flow pattern in the plating bath solution 
during deposition. 



rMBOl The resulting metal layer provides an excellent 
SSlr^pper coating that fills trenches, vias, and othe 
ScicturTin the workpiece. When used for seed layer 
^W^nient the resulting metal seed layer provides an 
eSrcoiotalTetafcoating mat allows the micro- 
„To be filled with a copper layer havmg good 
uniformity using electrochemical deposiUon techmques 
^TmetaTkyers mat are electroplated in the AM 
nwrmer exhibit low sheet resistance and are readily annealed 
at low temperatures. 

r00311 The disclosed process, as noted above, is appli- 
S o a wide range of stepsused in the manufaOureo 
metallization layer in a workpiece. The workpiece may for 

form integrated circuits or other microelectronic compo- 



nents or a micromechanical device. Without limitation as to 
rtp P Ik*nity of the disclosed invention, a process for 
enhancing a seed layer is described. 
r00321 A process for applying a metellizationmterconnect 
Kre to a workpiece having a barrier layer deposited on 
aTurfice thereof is also set forth. The process includes the 
foSTo fTultra-thin metal seedlayeron the barrier layer 

to about 500 AngS&oms and may be formed from any 
iSfefc^ layer for subsequent m etal, 
deposition. Suchmstajs jnclude, for WgMfeg^ 
nerhffio^T~aunTinum, aluminum alloys, nickel, nickel 
Syf^Thromium, tin, gold, silver, lead, cadmium, 
Sum palladium, iridium and ruthenium, etc. The ultra- 
ES SJafc ^n enhanced or repaired by depositing 
SiS metal thereon in a separate deposit™ step to 
proWde an enhanced seed layer that is suitable for use in a 
nrimw metal deposition. The metal deposition in the alka- 
Ctoh smtamV takes place in a reactor mc udmg a 
ofelectrodes. In a first embodiment the electrodes 

relative to the workpiece. In a second embodiment^ the 
ptS of electrodes are mdependently controUed for 
^mtifonmtytametddeposnfonacr^tewor^ 
taa third embodiment, the reactor is configured to induce a 
helical flow pattern in the plating bath sohmon. Junng 
deposition. The enhanced seed layer has a thickness at all 
Ste on sidewalk of substantially all recessed features 
giS. the workpiece that is equal to or greater 
ZS 10% of the nominal seed layer thickness over an 
exteriorly disposed surface of the workpiece. 
r00331 In accordance with a specific embodiment of the 
E, a ^per-containing metallization, Merconnect 
S form^To this end, the ultra-thin seed layer * 
enhanced or repaired by subjecting ^m.conductor work^ 
piece to an electrochemical copper deposiuon process in 
S an alkaline bath having a complexmg agent js 
Irnmoyed. The copper complexing agent may be at least one 
cZSe^ag^leeted from ^ ^ ^S o 
15^m and a polycarooxyhc acid such as cilnc acid or 

salts thereof. 

rOOMl In an alternate embodiment, the seed layer may be 
enhanced by using an electroless plating bad, composition, 
such as an electroless copper sulfuric acid bath. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 
T00351 FIG. 1 is a cross-sectional view illustrating an 
interconnect line formed completely by PVD copper. 
r0 0361 FIGS. 2A-2E are cross-sectional views through a 
semiconductor workpiece illustrating the various layersof 
material as they are applied in accordance with one embodi- 
ment of the present invention 



Ulvui ui r 

r«B71 FIG. 3 is a schematic representation of a first 
reactor suitable for enhancing an ultra-thin seed layer. 
r00381 FlG.4Aisagraphmustratingthecurrent-potential 
curves of a plating solution using a polycarooxyhc acid, 
such as citric acid, as a complexmg agent. 
T00391 FIG. 4B a graph illustrating the current-potential 
SIS of a plating solution using EDTA, an amroe-contani- 
ing plating solution, as the complexmg agent. 
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r00401 FIG. 4C is a graph of sheet resistance change with 
annealing temperature for copper films deposited from a 
bath solution with and without ammonium sulfate. 
T00411 FIG. 4D is a graph illustrating plating solution 
conductivity as a function of ethylene glycol concentration 
in collating solutions with and without ammonium sulfate. 
[0042] FIG. 5 is a scanning electromicrograph photograph 
illustrating an ultra-thin seed layer. 
T00431 FIG. 6A is a scanning electromicrograph photo- 
£aph illustrating an ultra-thin seed layer that has been 
enhanced in a citric acid bath. 

T00441 FIG. 6B is a scanning electromicrograph photo- 
graph illustrating an ultra-thin seed layer that has been 
enhanced in an EDTA bath. 

T00451 FIG. 7 is a schematic representation of a portion of 
a semiconductor manufacturing line suitable for implement- 
ing the disclosed seed layer enhancement steps. 
T00461 FIG. 8 is a cross-sectional view of another embodi- 
ment of an electroplating reactor assembly that may incor- 
porate the present invention. 

r004TI FIG. 9 is a schematic diagram of one embodiment 
of a reactor chamber that may be used in the reactor 
assembly of FIG. 8 and includes an illustration of the 
velocity flow profiles associated with the flow of processing 
fluid through the reactor chamber. 

T00481 FIGS. 10A, 10B, 11 and 12 illustrate a specific 
construction of a complete processing chamber assembly 
that has been specifically adapted for electrochemical pro- 
cessing of a semiconductor wafer and that has been imple- 
mented to achieve the velocity flow profiles set forth in FIG. 
9. 

["00491 FIGS. 13 and 14 illustrate a complete processing 
chamber assembly that has been constructed in accordance 
with a further embodiment of the present invention. 
r00501 FIGS. 15 and 16 are a cross-sectional views of 
fflustrative velocity flow contours of the processing chamber 
embodiment of FIGS. 13 and 14. 

rOOSl] FIGS. 17 and 18 are graphs illustrating the manner 
in which the anode configuration of the processing chamber 
may be employed to achieve uniform plating. 
T00521 FIGS. 19 and 20 illustrate a modified version of 
me processing chamber of FIGS. 13 and 14. 
[0053] FIGS. 21 and 22 illustrate two embodiments of 
Processing tools that may incorporate one or more process- 
ing stations constructed in accordance with the teachings of 
the present invention. 

r00541 FIG. 23 is schematic block diagram of an electro- 
chemical processing system constructed in accordance with 
one embodiment of the present invention. 



r00551 FIG. 24 is a flowchart illustrating one manner in 
which the system of FIG. 23 can use a predetermined set ot 
sensitivity values to generate a more accurate electrical 
parameter set for use in meeting targeted physical charac- 
teristics in the processing of a microelectronic workpiece. 
r00561 FIG. 25 is a graph of the change in electroplated 
film thickness per change in current-time as a function of 



radial position on a microelectronic workpiece for each of a 
plurality of individually controlled anodes, such as those 
shownatAl-A4ofFIG.23. 

DETAILED DESCRIPTION OF THE 
INVENTION 

r00571 The present invention employs a novel approach to 
atmlvmB copper metallization to a workpiece, such as a 
sLconductXworkpiccx. In accordance with the invention 
an alkaline electrolytic or electroless bath containing a metal 
ion to be deposited, such as an alkaline electrolytic copper 
bath is used to electroplate metal onto a seed layer, elec- 
troplate metal directly onto a barrier layer material, or 
enhance or repair an ultra-thin metal seed layer which has 
been deposited on the barrier layer using a deposition 
process such as CVD or PVD. After enhancement of the 
ultra-thin metal seed layer, additional metal is suitable 
deposited, under differing conditions onto the enhanced seed 
layer, in a bulk fill process. 

r00581 The present invention pertains to processes for 
E>g a metallization layer. Although the disclosed 
method may be used in connection with a substanbal num- 
ber of different metal compositions, the specific embodiment 
disclosed herein is directed to the application of a copper- 
containing metallization layer. To this end, an alkahne 
electrolytic copper bath is used to enhance an ultra-thm 
copper seed layer which has been depositedon a barner 
3 using a deposition Process such as PVD The enhanced 
copper seed layer provides an excellent «>nf° mid 
coating that allows trenches and vias to be subsequently bulk 
filled with a copper layer having good uniformity using 
electrochemical deposition techniques. 
r00591 The seed layer enhancement process, or the bulk 
fill process, or both processes, are suitably ouried out m a 
reartor that includes a plurality of anodes. The plurality of 
anodes may be arranged concentrically, or may b« ^du- 
ally controlled with respect to applied voltage potential or 
current, to effect the uniformity of metal deposition across 
the workpiece. The seed layer enhancement and/or the bulk 
fill may also be carried out in a reactor that mchules one or 
more iets, through which process fluid is introduced into a 
S chambef Tlie jets are angularly dispo*d relative* 
a chamber sidewall to create vertical and radial fluid flow 
components that combine to provide a substantially umfom 
normal flow component radially across a surface of the 
workpiece on which the metal is deposited. These presses 
and reactors in which they are suitable earned out will be 
described subsequently herein below. 
r00601 Across-sectional view of a micro-structure, such as 
teench 5, that is to be filled with copper metallization is 
illustrated in FIG. 2A and will be used to describe the seed 
layer enhancement aspects of the present invention. As 
shown, a ^nJb^i^UmULoLML^^^ 
niUideortotalmsiUid^ *P°f »ed 1 over the surtax of a 
seTSSondSctor device or, as illustrated in FIG. 2A, oyer a 
layer of a dielectric 8, such as silicon dioxide. The barner , 

layer W^^J^SSL^^^f-^Jt^l 
semiconductor deVice formedjnTEe" suBsfrat? ^ Anyof the 
various known le^nmqSSsTiuch as CVD or PVD, can be 
used to deposit the barrier layer depending on the particular 
barrier material being used. Suitably, the thickness for the 
barrierJaysAAroi«^^ L ^^- 3( ^^^ 
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[0061] After the deposition of the barrier layer, an ultra- 
ihin copper seed layer 15 is deposited °n the barner layer 10 
The resulting structure is illustrated in FIG. 2B. Suitably, the 
copj26rs S dJa X er.l5,i§. formed using a vapor deposition 
^fenci as CVD or PVD. In order to have adequate 
adhesion and copper coverage, a relatively thick (1000. 
Angstroms) copper seed layer is usually required. 
[0062] Such a thick seed layer leads to problems with 
close-off of small geometry trenches, however when a PVD 
deposition process is employed for applying the seed layer. 
Contrary to traditional thoughts regarding seed layer appli- 
cation tile copperseedJayeUS-^ 

500 AD^toSSriultaWSouUOO to about 250 Angstroms, 
anWmoi esuitably about 200 Angstroms-The ultra-tiim 
copper seed layer can be deposited using a CVD or a PVD 
3ss, or a combination of both. PVD is the preferred 
application process, however, because it can readily deposit 
copper on the barrier layer 10 with relatively good adhesion. 
Bv depositing an ultra-thin seed layer of copper, rather foan 
the relatively thick seed layer used in the prior art, pinching 
off of the trenches can be avoided. 
[00631 The use of an-iillra-thin seed layer lS^gejeelly 
introduces it 5 j>wn J eififj!oblems i ^e of the most signifi- 
cant of these problems is the fact that such ultra-thin layers 
do not generally coat the barrier layer lOjn^jmiform 
mamwRaSe^^olds or_noOzSontinum^»^dJay«JSgions 
on telMewalls, such as at 20, are often present in an 
ultra-thin seed layer 15 thereby resulting in the inabdity to 
properly apply a subsequent electrochemically deposited 
copper layer in the regions 20. Further,juteadhi^ 
tend to mclude^pikes,_sucb^at_21,-.that- impact the 
uniformity of the subsequent electrolytically deposited 
metal layer. Such spikes 21 resuh in highjote^.regmns 
at which the copper deposite at a higher rate than at ottier, 
more level regions. As such, the seediayer.15. is noLfelly. 
suitable for the traditional-electrpplating techniques typi- 
cally used after application of a seed layer. 
[0064] The present inventors have foundjtot.a n u lfa? -thin., 
seed layer cim_b^ejBpJoyed_ifJt.fe copbincd_Witii JL 
su bs«roentdeetro^^ 

nique. In a first embodiment, the electrochemical enhance- 
menfTechnique is an electroplating technique using an 
alkaline plating bath. An alternate embodiment of electro- 
chemical deposition to enhance or repair an ultra-thin or 
otherwise incomplete or deficient seed layer uses an elec- 
troless plating bath. Electroless platingbaths are j^U lmown 
in the art, such as electroless copper sulfuric acid baths, and 
are used in accordance with the present invention to deposit 
additional metal on the initial ultra-thin seed layer to repair 
or enhance the seed layer. 

[0065] The preferred technique of elsa£opMagJn_an 
alkaline bath to repairo £ rahanc L ajeedJ^^^ 
described' To' thiTencphe semiconductor workpiece is 
subiect to a subsequent process step in which a further 
amount of copj^rjikapptied tote^-ihjnjeed^erto 
thereby enhance theseed layer. Aseed Uyer enhanced by die 
additional deposition ofrapper isilhistrated m FIG. 2U As 
shown in FIG. 2C, the void or non-continuous regions 20 ot 
FIG. 2B have been filled thereby leaving substantially all ot 
the barrier layer 10 covered with copper. 
[0066] Suitably, the seed layer enhancement process con- 
tinues until a sidewall step coverage, i.e., the ratio ot the 



seed layer thickness at the bottom sidewall regions 22 to the 
nominal thickness of the seed layer at the exteriorly disposed 
side 23 of the workpiece, achieves a value of at least 10%. 
More suitably, the sidewall step coverage is at least about 
20% Such sidewall step coverage values are present in 
substantially all of the recessed structures of the semicon- 
ductor workpiece. It will be recognized, however, that 
certain recessed structures distributed within the semicon- 
ductor workpiece may not reach these sidewall step cover- 
aee values. For example, such structures disposed at the 
peripheral edges of a semiconductor wafer may not reach 
these step coverage values. Similarly, defects or contami- 
nants at the situs of certain recessed structures may prevent 
them from reaching the desired coverage values. The nomi- 
nal thickness of the enhanced seed layer at the exteriorly 
disposed side of the woikpiece is suitably in the range of 500 
angstroms 1600 angstroms. 

[0067] Although the embodiment of the process disclosed 
herein is described in connection with copper metallization 
it is understood that the bjjgejEn,cjplc.of me.enhancement 
of analtra-thin seed layaJOTCfeJbe deposition thereof 
caTbe "applied to other metals ocAUaysJhal^^3pable-Pf 
bei ng elect roplated, Such metals include iron, nickel, cobalt, 
zinc, copjw-zuic, nickel-iron, cobalt-iron, etc. 
r0068] The embodiments disclosed above utilize deposit- 
ing a metal, such as copper, chmngseed layer enhancement^ 
It should be understood that alternatelyjusstal jdjoy, _such 
as a c£pjex^Uoy^y»b^pJied I> The alloy is suitably 
selecte^dtotocmde^element or elements that preferentially 
locate at the interfaces between differing materials, which 
enhances anchorage of the materials, and also may lead to 
improved electromigration effect 



T00691 A thermal processing stg p_aay-alsO-be..emptoyed. 
after seed l^a^nb^^^^' * M elevat6d 
te mperature se^ ^Sta^^mzist^d^^SMJ^^- 
faces betweenmateria^Ujereby anchoring the materials or 
components thereof together. 

r00701 Aschematic representation of a reactor 25 suitable 
for enhancing the ultra-thin copper seed layer is illustrated 
in FIG. 3. It wfll be recognized that this apparatus is ako 
suitable for applying a blanket plating layer and/or full-fill 
plating of recessed micro-structures. As shown, a semicon- 
ductor workpiece, such as a semiconductor wafer 30, is 
positioned face down in a bjahj^ekctroplatag^ 
One or more contacts 40 are provided to connect the wafer 
30 to a plating power supply 45 as a cathode ^of an electro- 
plating cell. An anode 50 is disposed m the bath 35 and is 
connected to mediating" power supply 45^ Suitably, a dif- 
fuset_55 is disposed between the anode 50 and the wafer/ 
cathode 30. The wafer 30 may be rotated about axis 60 
during the enhancement process. Anode 50 may be provided 
with a dielectric shield 65 at a backside thereof which faces 
an incoming stream of plating bath fluid. Alternate and 
preferred reactors for use in the present invention will be 
described subsequently herein below. 
[0071] A. Electroplating Solutions And Processes 
[0072] As noted above, certain aspects of the present 
mvention relate to new and useful plating solutions. These 
solutions can be used for blanket plating, full-fill of the 
recessed micro-structures, seed layer enhancement, etc. The 
preferred electrolytic bath solution for enhancing the seed 
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layer is an #»1jr p cotmer bathJn which copper ions are 
complexed with a complexing ag ent. Asuitable composition 
and range of concentrations for the various components of 
the plating bath include the following: 

[0073] 1. CoppejLSuJfate: 0.03M to 0.25M (suitably, 
0.04); 

[0074] 2. Compjexingjgcnt: complex to metal ratios 

from 1 to 4, suitably % 
[0075] 3. Boric acid: 0.01M to 0.5M, suitably 0.05M; 

and 



the chemical reactions associated with th exposing and/or 
curing of photoresist materials. As such, amine tree com- 
plexing agents are particularly suitable in processes in which 
a photolithographic process follows an electrodeposition 



[0076] 4. pH: 5^13, suitably 95. 
[0077] A suitable source of copper ions is CQpper^sjJfate^ 
(CuSO*) The concentration of copper sulfate in the bath is 
suitably within the range of 0.03 to 0.25 M, and is more 
suitably about 0.1 M. 

T00781 Complexing agents that are suitable for use in the 
present invention form a stable complex with copper ions 
and prevent the precipitation of copper hydroxide. Ethylene 
diamine tetracetic acid JERXAk ethylene diamine (Eg), 
citric acid, and their salts have been found to be particularly 
suitable copper complexing agents. The molar ratio of 
complexing agent to copper sulfate in the bath is suitably 
within the range of 1 to 4, and is suitably about 2. Such 
complexing agents can be used alone, in combination with 
one another, or in combination with one or more further 
complexing agents. 

[0079] The electrolytic bath is suitably maintained at a pH 
of at least 9 0. Potassiumjiydroxide, ammonium hydroxide, 
tetramethylammonium hydroxide; or somum hydroxiae js 
utilized to adjust and mamtainJejpH^e desired level of 
9 OoTl^Vsm^^ or ED bath is 

about 95, while a suitable pH for an EDTA bath is about 
125 As noted above, the complexing agent assists in 
preventing the copper from precipitating at the high pH 
level. 

[0080] Additional components can be added to the alka- 
line copper bath. For example, boric acid (H^BO^ aids in 
maintaining the pH at 95 when citric acid or EDisusedas 
the complrani~aient, and provides brighter copj*rteposrts 
when added to an" electrolytic bath containing EDTA as the 
complexing agent. If boric acid is added, its concentration in 
the bath is suitably within the range of 0.01 to 05 M. 
T00811 In general, the temperature of the bath can be 
within the range of 20 to 35° C, with 25° C. being a suitable 
temperature. The current density for electrolytically depos- 
iting copper to enhance the copper seed layer can be 1 to 5 
miUiamps/cm 2 , while a plating time of about 1 to about 5 
minutes is sufficient to enhance the copper seed layer The 
plating waveform may be, for example, a forward periodic 
pulse having a period of 2 msec at a 50% duty cycle. 
[0082] An amine free acid complexing agent, for example, 
a polycarboxylic acid, such as citric acid, and salts thereof, 
is preferable to the use of EDTA or ED. EDTA and ED 
include amine groups. These amine groups often remain on 
the surface of the semiconductor workpiece SS^^^SiS^ 
drying of the wafer. Subsequent processes, particularly such 
Jesses as photoifthographic processes, may be corrupted 
by the reactions resulting from the presence of these amine 
groups. The amine groups may, for example, interfere with 



[0083] A further advantage of using a polycarboxylic acid, 
such as citric acid, stems from the fact that the magnitude of 
the Tvoltage potential at which the copper is plated is greater 
than the magnitude of the voltage potential at which the 
copper is plated in a bath containing EDTA This is illus- 
trated in FIGS. 4A and 4B where FIG. 4A is a current- 
potential graph for a citric acid bath, and FIG. 4B is a 
current-potential graph for an EDTA bath. Electroplating 
takes place at the voltage where the corresponding current 
increases abruptly. This plating voltage is referred to as the 
deposition potential, which is approximately -1.25 volts as 
shown in FIG. 4A for a bath employing citnc acid as the 
complexing agent, and is approximately -1.0 volts as shown 
in FIG. 4B for a bath employing EDTA as the complexing 
agent. The current peaks (7070 for the a bath containing a 
citric acid, and 72, 72' for the bath containing the EDTA) are 
the limiting currents which are mainly determined by mass 
transfer and the concentration of copper ions in the plating 
solutions. As illustrated, the magnitude of the current and the 
particular plating potential is slightly dependent on the 
substrate material. The different substrate results are illus- 
trated in FIGS. 4A and 4B, where 70 and 72 are the curves 
for a copper substrate material, and 70» and 72' are curves for 
a copper substrate material comprised of copper with a 
copper oxide coating. It is noted that additional peaks occur 
on oxidized copper in the same electrolytes. These peaks are 
related to the electrochemical reduction of copper oxide to 
metallic copper before the alkaline electrochemical copper 
deposition. 

[0084] It is believed that a copper layer plated at a higher 
plating potential in an alkaline bath provides greater adhe- 
sion to the underlying barrier layer than a copper layer plated 
at a lower plating potential in an acid bath. For copper to 
adhere to the barrier material, it is thought that copper ions 
must impinge on the barrier surface with sufficient energy to 
penetrate a thin oxidized or contaminated layer at the barrier 
surface. It is therefore believed that a copper layer deposited 
at a higher magnitude plating potential adhere is better to the 
exposed barrier layer during the plating process when com- 
pared to a layer plated using a smaller magnitude plating 
potential. This factor, combined with the inter-copper 
chemical bond between the PVD copper and the electro- 
chemically deposited copper provides for an enhanced seed 
layer having excellent electrical as well as barrier adhesion 
properties. Such characteristics are also desirable for films 
used in blanket plating, full-fill plating, pattern plating, etc. 
[0085] It has been found that the resistivity of the depos- 
ited copper film is directly related to the resistivity of the 
plating bath solution. Additives that assist in lowering the 
resistivity of the solution therefore provide a corresponding 
reduction in the resistivity of the deposited film. 

[0086] Experimental results indicate that addition of 
ammonium sulfate significantly reduces the resistivity of the 
~ plating bath solution and, as such, the deposited film. The 
sheet resistam^obtained for different amounts of ammo- 
nium sulfate are compared in the graph FIG. 4C. As can be 
seen the highest sheet resistance, either with or without 
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annealing at high temperatures, was obtained in the bath 
^containingno ammonium sulfate. If ammonium hydroxide 
was used to adjust pH in which a trace amount of ammonium 
sulfate is introduced to the bath, the sheet resistance was 
reduced from 76 to 23. As the concentration of ammonium 
sulfate increased from 0.1 M to 0.5 M, the sheet resistance 
continuously decreased in a corresponding manner. 
[0087] Although ammomum sutfaj^assiste mjeducing the , 
sheet resistance of the deposited copper layer, experimental 
results indicate that it reduces the conformality of the 
resulting copper film. However, the addition of ethylene 
glycol to the ammomum sulfate containing solution sub- 
stantially increases the conformality of the resulting deposit. 
FIG. 4D illustrates the relationship between the concentra- 
tion of ethylene glycol and the conductivity of a plating 
solution containing 0.2M the of ammonium sulfate. 
[0088] A suitable composition and range of concentrations 
for the various components of a plating bath having ammo- 
nium sulfat e inc lude the following: 

[0089] 1. Copper sulfate: 0.03M to 0.5M (suitably, 
0.25M); 

[0090] 2. Complexing agent: complex to metal ratios 

from 1 to 4, suitably 2 using ED; 
[0091] 3. Ammonium sulfate: 0.01M to 05M, suit- 

ably 03M; and 

[0092] 4. Boric acid: 0.00 to 0.5M, suitably 0.2M. 

[0093] As noted above, such a bath composition can be 
used for blanket plating, pattern plating, full-fill plating, and 
seed layer enhancement. 

[0094] With reference again to the specific seed layer 
enhanced aspects of the present invention, the enhanced seed 
layer of FIG. 2C is suitable for subsequent electrochemical 
copper deposition. This subsequent copper deposition may 
take place in an alkaline bath within the apparatus employed 
to enhance the seed layer. This may be followed by a 
low-temperature annealing process that assiste .in jowenng 
*u9'res£tivit£g ffie^posited copper. Such a low-tempera- 
turTln^ealing process suitably takes place at a temperature 
below about the 250 degrees Celsius and, more suitably, 
below abouflOO degrees Celsius. When a low-K dielectric 
material is employed to isolate the copper structures, the 
upper annealing temperature limit should be chosen to be 
below the degradation temperature of the dielectric material. 
[0095] Although the foregoing alkaline bath compositions 
may be used for the entire electrochemical deposition pro- 
cess, subsequent copper deposition suitably takes place in an 
acid environment where plating rates are substantially 
higher than corresponding rates associated with alkaline 
plating baths. To this end, the semiconductor workpiece is 
suitably transferred to an apparatus wherein the workpiece is 
thoroughly rinsed with deionized water and then transferred 
to an apparatus similar to that of FIG. 3 wherein the plating 
bath is acidic. For example, one suitable copper bath com- 
prises 170 g/1 r^SO*, 17 g/1 copper and 70 ppm Chlonde 
ions with organic additives. The organic additives are not 
absolutely necessary to the plating reaction. Rather, the 
organic additives may be used to produce desired^film 
characteristic and providetetter, filling of the recessed, 
structures on the wafer surface. The organic additives may. 
include levelers, brighteners, wetting agents and ductility 



enhancers. It is during this deposition process that the trench 
Tls substantially filled with a further layer of electrochemi- 
cally deposited copper 22. Tne resulting filled cross-section 
is illustrated in FIG. 2D. After being filled in this manner, 
the barrier layer and the copper layers disposed above the 
trench are removed using any suitable process thereby 
leaving only the trench 5 with the copper metallization and 
associated barrier material as shown in FIG. 2E. 

[0096] While electrolytic seed layer enhancement is an 
embodiment of the present invention, the ultra-thin seed 
layer can alternately be enhanced in accordance with the 
present invention using an electroless plating bath solution 
containing metal ions to be deposited. Electroless plating 
baths are well know. The workpiece with ultra-thin seed 
layer is immersed in the electroless bath, or electroless bath 
solution is otherwise applies to the workpiece, for a prede- 
termined time period sufficient to deposit additional metal 
ions to enhance the seed layer, rendering it suitable for metal 
deposition at a higher rate. 

[0097] Use of an alkaline electrolytic bath to enhance the 
copper seed layer has particular advantages over utilizing 
acid copper baths without seed layer enhancement. After 
deposition of the PVD copper seed layer, the copper seed 
layer is typically exposed to an oxygen-containing environ- 
ment. Oxygen readily converts metallic copper to copper 
oxide If an acid copper bath is used to plate copper onto the 
seed layer after exposure of the seed layer to an oxygen 
containing environment, the acid copper bath would dis- 
solve copper oxide that had formed, resulting in voids in the 
seed layer and poor uniformity of the copper layer deposited 
on the seed layer. Use of an alkaline copper bath in accor- 
dance with the disclosed embodiment avoids the problem by 
advantageously reducing any copper oxide at the surface of 
the seed layer to metallic copper. Another advantage of the 
alkaline copper bath is that the plated copper has much better 
adhesion to the barrier layer than that plated from an acid 
copper bath. Additional advantages of the seed layer 
enhancement aspects of the present invention can be seen 
from the following Example. 

EXAMPLE 1 

Comparison of Acid Copper Plating With and 
Without Seed Layer Enhancement 

[0098] Semiconductor wafers 1, 2 and 3 were each coated 
with a 200 Angstrom PVD copper seed layer. In accordance 
with the present invention, wafers 1 and 2 had seed layer 
enhancement from citric acid and EDTA baths, respectively, 
the compositions of which are set forth below: 

[0099] Bath for Wafer 1: 0.1 M Cu SO 4 +0.2 M Citric 
acid+0.05 M H 3 B0 3 in D.I. water at pH 95, temperature 25° 

C. 

[0100] Bath for Wafer 2: 0.1 M Cu SO 4 +0.2 M EDTA 
acid+0.05 H 3 B0 3 in D.I. water at pH 12.5, temperature 25 

C. 

[0101] Wafer 3 did not have any seed layer enhancement. 

[0102] The three wafers were then plated with a 15 
micron copper layer from an acid copper bath under iden- 
tical conditions. The following Table compares the unifor- 
mities, as deduced from sheet resistance measurements, of 
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the three wafers after the deposition of a copper layer having 
a nominal thickness of 1.5 microns. 



TABLE 1 









Non-uniformity 




Enhancement 


Current 


Standard deviation 


Wafer 


Bath 


Density 


(%,lor) 


1 


Citrate 


3 min. 


7.321 






at 2 mA/cm 2 




2 


EDTA 


3 min. 


6.233 






at 2 mA/cm 2 




3 


None 


0 


46.10 



[0103] As can be seen from the results in Table 1 above, 
seed layer enhancement in accordance with the disclosed 
process provides excellent uniformity (6 to 7%) compared to 
that without seed layer enhancement (46%). This is consis- 
tent with observations during visual examination of the 
wafer after 1.5 micron electroplated copper had been depos- 
ited. Such visual examination of the wafer revealed the 
presence of defects at wafer electrode contact points on the 
wafer without seed layer enhancement. 

[0104] FIGS. 5, fSA and 6B are photographs taken using a 
SEM. In FIG. 5, an ultra-thin seed layer has been deposited 
on the surface of a semiconductor wafer, including micro- 
structures, such as trenches 85. As shown, void regions are 
present at the lower comers of the trenches. In FIG. 6A, the 
seed layer has been enhanced in the manner described above 
in a bath containing citric acid as the complexing agent. This 
en hancement resulted in a con formal copper seed layer that 
is very suited for subsemjient ^"^recffocH^cal dcyo^iionot 
copper^metallization. 

[0105] FIG. 6B illustrates a seed layer that has been 
enhanced in a bath containing EDTA as the complexing 
agent. The resulting seed layer includes larger grain sizes 
that project as spikes from the sidewalls of the trenches. 
These sidewall grain projections make subsequent electro- 
chemical deposition filling of the trenches more difficult 
since they localize a higher plating rate resulting in non- 
uniformity of the subsequent electrochemical deposition. 
This effect is particularly noticeable in recessed micro- 
structures having small dimensions. As such, a complexing 
agent such as citric acid is more preferable when filling 
small micro-structures. Results comparable for copper baths 
containing citric acid have also been achieved using ED as 
the complexing agent. 

[0106] B. Electrodeposiuon System 

[0107] FIG. 7 is a schematic representation of a portion of 
a semiconductor manufacturing line 90 suitable for imple- 
menting the foregoing processes. The line 90 includes a 
vapor deposition tool or tool set 95 and an electrochemical 
copper deposition tool or tool set 100. Transfer of wafers 
between the tools/tool sets 95 and 100 may be implemented 
manually or through an automated transfer mechanism 105. 
Suitably, automated transfer mechanism 105 transfers work- 
pieces in a pod or similar environment. Alternatively, the 
transfer mechanism 105 may transfer wafers individually or 
in an open carrier through a clean atmosphere joining the 
tools/tool sets. 

[0108] In operation, vapor deposition tool/tool set 95 is 
utilized to apply an ultra-mincopper.seed layer over at least 



portions of semiconductor workpieces that are processed on 
line 90. Suitably, this is done using a PVD application 
process. Workpieces with the ultra-thin seed layer are then 
transferred to tool/tool set 100, either individually or in 
batches, where they are subject to electrochemical seed layer 
enhancement at, for example, processing station 110. For 
electrolytic seed layer enhancement, processing station 110 
may be constructed in the manner set forth in FIG. 3. For 
electroless enhancement, a similar processing station 110 
will be utilized, but electrical contact is not made with the 
workpiece and voltage is not applied. After enhancement is 
completed, the workpieces are subject to a full electrochemi- 
cal deposition process in which copper metallization is 
applied to the workpiece to a desired interconnect metalli- 
zation thickness. This latter process may take place at station 
110, but suitably occurs at further processing station 115 
which deposits the copper metallization in the presence of an 
acidic plating bath. Before transfer to station 115, the 
workpiece is suitably rinsed in DI water at station 112. 
Transfer of the wafers between stations 110, 112, and 115 
may be automated by a wafer conveying system 120. The 
electrochemical deposition tool set 100 may be implemented 
using, for example, an LT^IO™ model or an Equinox™ 
model plating tool available from Semitool, Inc., of Kal- 
ispell, Mont. 

[0109] C. Suitable Reactor For Seed Layer Enhancement 

[0110] With reference to FIG. 8, a first reactor assembly 
120 for electroplating a microelectronic workpiece 125, 
such as a semiconductor wafer, is shown. Generally stated, 
the reactor assembly 120 is comprised of a reactor head 130 
and a corresponding reactor base, shown generally at 137 
and described in substantial detail below, in which the 
el ectroplating solution is disposed . The reactor of FIG. 8 can 
also be used to implemenfelectrochemical processing opera- 
tions other than electroplating (e.g., electropolishing, anod- 
ization, etc.), and also electroless deposition processes. 

[0U1] The reactor head 130 of the electroplating reactor 
assembly may comprised of a stationary assembly 170 and 
a rotor assembly 175. Rotor assembly 175 is configured to 
receive and carry an associated microelectronic workpiece 
125, position the microelectronic workpiece in a process- 
side down orientation within a container of reactor base 137, 
and to rotate or spin the workpiece while joining its elec- 
trically-conductive surface in the plating circuit of the 
reactor assembly 120. The rotor assembly 175 includes one 
or more cathode contacts (when used for electrolytic pro- 
cessing) that provide electroplating power to the surface of 
the microelectronic workpiece. In the illustrated embodi- 
ment, a cathode contact assembly is shown generally at 185 
and is described in further detail below. It will be recog- 
nized, however, that backside contact may be implemented 
in lieu of front side contact when the substrate is conductive 
or when an alternative electrically conductive path is pro- 
vided between the back side of the microelectronic work- 
piece and the front side thereof. 

[0112] The reactor head 130 is typically mounted on a 
lift/rotate apparatus which is configured to rotate the reactor 
head 130 from an upwardly-facing disposition in which it 
receives the microelectronic workpiece to be plated, to a 
downwardly facing disposition in which the surface of the 
microelectronic workpiece to be plated is positioned so that 
it may be brought into contact with the electroplating 
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solution in reactor base 137, either planar or at a given angle. 
A robotic arm, which suitably includes an end effector, is 
typically employed for placing the microelectronic work- 
piece 125 in position on the rotor assembly 175, and for 
removing the plated microelectronic workpiece from within 
the rotor assembly. The contact assembly 185 may be 
operated between an open state that allows the microelec- 
tronic workpiece to be placed on the rotor assembly 175, and 
a closed state that secures the microelectronic workpiece to 
the rotor assembly and brings the electrically conductive 
components of the contact assembly 185 into electrical 
engagement with the surface of the microelectronic work- 
piece that is to be plated. 

[0113] It will be recognized that other reactor assembly 
configurations may be used with the inventive aspects of the 
disclosed reactor chamber, the foregoing being merely illus- 
trative. 

[0114] FIG. 9 illustrates the basic construction of process- 
ing base 137 and a corresponding computer simulation of 
the flow velocity contour pattern resulting from the process- 
ing container construction. As illustrated, the processing 
base 137 generally comprises a main fluid flow chamber 
505, an antechamber 510, a fluid inlet 515, a plenum 520, a 
flow diffuser 525 separating the plenum 520 from the 
antechamber 510, and a nozzle/slot assembly 530 separating 
the plenum 520 from the main chamber 505. These com- 
ponents cooperate to provide a flow of electrochemical 
processing fluid (here, of the electroplating solution) at the 
microelectronic workpiece 125 that has a substantially radi- 
ally independent normal component. In the illustrated 
embodiment, the impinging flow is centered about central 
axis 537 and possesses a nearly uniform component normal 
to the surface of the microelectronic workpiece 125. This 
results in a substantially uniform mass flux to the micro- 
electronic workpiece surface that, in turn, enables substan- 
tially uniform processing thereof, for example, when used to 
introduce an alkaline bath solution for seed layer enhance- 
ment. 

[0115] Notably, as will be clear from the description 
below, this desirable flow characteristic is achieved without 
the use of a diffuser disposed between the anode(s) and 
surface of the microelectronic workpiece that is to be 
electrochemically processed (e.g., electroplated). As such, 
the anodes used in the electroplating reactor can be placed 
in close proximity to the surface of the microelectronic 
workpiece to thereby provide substantial control over local 
electrical field/current density parameters used in the elec- 
troplating process. This substantial degree of control over 
the electrical parameters allows the reactor to be readily 
adapted to meet a wide range of electroplating requirements 
(e.g., seed layer thickness, seed layer type, electroplated 
material, electrolyte bath properties, etc.) without a corre- 
sponding change in the reactor hardware. Rather, adapta- 
tions can be implemented by altering the electrical param- 
eters used in the electroplating process through, for example, 
software control of the power provided to the anodes, as 
shall be described further herein below. 

[0116] The reactor design thus effectively de-couples the 
fluid flow from adjustments to the electric field. An advan- 
tage of this approach is that a chamber with nearly ideal flow 
for electroplating and other electroche mical ^ processes (i.e., 
a design which provides a sur>siUmJ^y_ujrita 



layer across the microelectronic workpiece) may be 
designed that will not be degraded when electroplating or 
other electrochemical process applications require signifi- 
cant changes to the electric field. 

[0117] The foregoing advantages can be more greatly 
appreciated through a comparison with the conventional 
prior art reactors. In such conventional designs, the diffuser 
must be moved closer to the surface of the workpiece if the 
distance between the anode and the workpiece surface is to 
be reduced. However, moving the diffuser closer to the 
workpiece significantly alters the flow characteristics of the 
electroplating fluid at the surface of the workpiece. More 
particularly, the close proximity between the diffuser and the 
surface of the workpiece introduces a corresponding 
increase in the magnitude of the normal components of the 
flow velocity at local areas 9. As such, the anode cannot be 
moved so that it is in close proximity to the surface of the 
microelectronic workpiece that is to be electroplated without 
introducing substantial diffusion layer control problems and 
undesirable localized increases in the electrical field corre- 
sponding to the pattern of apertures in the diffuser. Since the 
anode cannot be moved in close proximity to the surface of 
the microelectronic workpiece, the advantages associated 
with increased control of the electrical characteristics of the 
electrochemical process cannot be realized. Still further, 
movement of the diffuser to a position in close proximity 
with the microelectronic workpiece effectively generates a 
plurality of virtual anodes defined by the hole pattern of the 
diffuser. Given the close proximity of these virtual anodes to 
the microelectronic workpiece surface, the virtual anodes 
have a highly localized effect. This highly localized effect 
cannot generally be controlled with any degree of accuracy 
given that any such control is solely effected by varying the 
power to the single, real anode. A substantially uniform 
electroplated film is thus difficult to achieve with such a 
plurality of loosely controlled virtual anodes. 

[0118] With reference again to FIG. 9, electroplating 
solution is provided through inlet 515 disposed at the bottom 
of the base 137. The fluid from the inlet 515 is directed 
therefrom at a relatively high velocity through antechamber 
510. In the illustrated embodiment, antechamber 510 
includes an acceleration channel 540 through which the 
electroplating solution flows radially from the fluid inlet 515 
toward fluid flow region 545 of antechamber 510. Fluid flow 
region 545 has a generally inverted U-shaped cross-section 
that is substantially wider at its outlet region proximate flow 
diffuser 525 than at its inlet region proximate channel 540. 
This variation in the cross-section assists in removing any 
gas bubbles from the electroplating solution before the 
electroplating solution is allowed to enter the main chamber 
505. Gas bubbles that would otherwise enter the main 
chamber 505 are allowed to exit the processing base 137 
through a gas outlet (not illustrated in FIG. 9, but illustrated 
in the embodiment shown in FIGS. 10-12) disposed at an 
upper portion of the antechamber 510. 

[0119] Electroplating solution within antechamber 510 is 
ultimately suppliecl to main chamber 505. To this end, the 
electroplating solution is first directed to flow from a rela- 
tively high-pressure region 550 of the antechamber 510 to 
the comparatively lower-pressure plenum 520 through flow 
diffuser 525. Nozzle assembly 530 includes a plurality of 
nozzles or slots 535 that are disposed at a slight angle with 
respect to horizontal. Electroplating solution exits plenum 
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520 through nozzles 535 with fluid velocity components in 
the vertical and radial directions. 

T0120] Main chamber 505 is denned at its upper region by 
a contoured sidewall 560 and a slanted sidewall 565. The 
contoured sidewall 560 assists in preventing fluid flow 
separation as the electroplating solution exits nozzles 535 
(particularly the uppermost D ozzle(s)) and turns upward 
toward the surface of microelectronic workpiece 125. 
Beyond breakpoint 570, fluid flow separation will not sub- 
stantially affect the uniformity of the normal flow. As such, 
sidewall 565 can generally have any shape, deluding a 
continuation of the shape of contoured sidewall 560. In the 
specific embodiment disclosed here, sidewall 565 is slanted 
and, as will be explained in further detail below, is used to 
support one or more anodes. 

r01211 Electroplating solution exits from main chamber 
505 through a generally annular outlet 572. Fluid exiting 
outlet 572 may be provided to a further exterior chamber for 
disposal or may be replenished for re-circulation through the 
electroplating solution supply system. 
[0122] The processing base 137 is also provided with one 
or more anodes. In the illustrated embodiment, a principal 
anode 580 is disposed in the lower portion of the main 
chamber 505. If the peripheral edges of the surface of the 
microelectronic workpiece 125 extend radially beyond the 
extent of contoured sidewall 560, then the peripheral edges 
are electrically shielded from pri ncipal anode 580 and 
reduced plating will take place in those regions. As such, a 
plurality of annular anodes 585 are disposed m a generally 
concentric manner on slanted sidewall 565 to provide a flow 
of electroplating current to the peripheral regions. 
r0123] Anodes 580 and 585 of me illustrated embodiment 
are disposed at different distances from the surface of the 
microelectronic workpiece 125 that is being electroplated. 
More particularly, the anodes 580 and 585 are concentrically 
disposed in different horizontal planes. Such a concentric 
arrangement combined with the vertical differences allow 
the anodes 580 and 585 to be effectively placed close to the 
surface of the microelectronic workpiece 125 without gen- 
erating a corresponding adverse impact on the flow pattern 
as tailored by nozzles 535. The plurality of anodes illustrated 
are arranged at increasing distances from the workpiece 
from an innermost one of the concentric anodes to an 
outermost one of the concentric anodes. However, for dif- 
fering deposition patterns, an alternate arrangement provid- 
ing for the distance from anode to workpiece increasing 
from outermost to innermost is also within the scope of the 
present invention. 
[0124] The effect and degree of control that an anode has 
on the electroplating of microelectronic workpiece 125 is 
dependent on the effective distance between that anode and 
the surface of the microelectronic workpiece that is being 
electroplated. More particularly, all other things being equal, 
an anode that is effectively spaced a given distance from the 
surface of microelectronic workpiece 125 will have an 
impact on a larger area of the microelectronic workpiece 
surface than an anode that is effectively spaced from the 
surface of microelectronic workpiece 125 by a lesser 
amount. Anodes that are effectively spaced at a compara- 
tively large distance from the surface of microelectronic 
workpiece 125 thus have less localized control over the 
electroplating process than do those that are spaced at a 



smaller distance. It is therefore desirable to effecuvely locate 
the anodes in close proximity to the surface of microelec- 
tronic workpiece 125 since this allows more versatile, local- 
ized control of the electroplating process. Advantage can be 
taken of this increased control to achieve greater uniformity 
of the resulting electroplated film. Such control is exercised, 
for example, by placing the electroplating power provided to 
the individual anodes under the control of a programmable 
controller or the like, as shall be described subsequently 
herein below. Adjustments to the electroplating power can 
thus be made subject to software control based on manual or 
automated inputs. 

[0125] In the illustrated embodiment, anode 580 is effec- 
tively "seen" by microelectronic workpiece 125 as being 
positioned an approximate distance Al from the surface of 
microelectronic workpiece 125. This is due to the fact that 
the relationship between the anode 580 and sidewall 560 
creates a virtual anode having an effective area defined by 
the innermost dimensions of sidewall 560. In contrast, 
anodes 585 are approximately at effective distances A2, A3, 
and A4 proceeding from the innermost anode to the outer- 
most anode, with the outermost anode being closest to the 
microelectronic workpiece 125. All of the anodes 585 are m 
close proximity (i.e., about 25.4 mm or less, with the 
outermost anode being spaced from the microelectronic 
workpiece by about 10 mm) to the surface of the micro- 
electronic workpiece 125 that is being electroplated. Since 
anodes 585 are in close proximity to the surface of the 
microelectronic workpiece 125, they can be used to provide 
effective, localized control over the radial film growth at 
peripheral portions of the microelectronic workpiece. Such 
localized control is particularly desirable at the peripheral 
portions of the microelectronic workpiece since it is those 
portions that are more likely to have a high uniformity 
gradient (most often due to the fact that electrical contact is 
made with the seed layer of the microelectronic workpiece 
at the outermost peripheral regions resulting in higher plat- 
ing rates at the periphery of the microelectronic workpiece 
compared to the central portions thereof). 
[0126] The electroplating power provided to the foregoing 
anode arrangement can be readily controlled to accommo- 
date a wide range of plating requirements without the need 
for a corresponding hardware modification. Some reasons 
for adjusting the electroplating power include changes to the 
following: 

[0127] seed layer thickness; 

[0128] open area of plating surface (pattern wafers, 
edge exclusion); 



[0129] final plated thickness; 

[0130] plated film type (copper, platinum, seed layer 
enhancement); 

[0131] bath conductivity, metal concentration; and 

[0132] plating rate. 
[0133] The foregoing anode arrangement is particularly 
well-suited for plating microelectronic workpieces having 
highly resistive seed layers, for enhancing such highly 
resistive seed layers, and also for plating highly resistive 
materials on microelectronic workpieces. Generally stated, 
the more resistive the seed layer or material that is to be 
deposited, the more the magnitude of the current or potential 
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at the central anode 580 (or central anodes) should be 
increased to yield a uniform film. This effect can be under- 
stood in connection with an example and the set of corre- 
sponding graphs set forth in FIGS. 17 and 18. 
[0134] FIG. 17 is a graph of four different computer 
simulations reflecting the change in growth of an electro- 
plated film versus the radial position across the surface of a 
microelectronic workpiece. The graph illustrates the chang- 
ing growth that occurs when the current to a given one of the 
four anodes 580, 585 is changed without a corresponding 
change in the current to the remaining anodes. In this 
illustration, Anode 1 corresponds to anode 580 and the 
remaining Anodes 2 through 4 correspond to anodes 585 
proceeding from the interior most anode to the outermost 
anode. The peak plating for each anode occurs at a different 
radial position. Further, as can be seen from this graph, 
anode 580, being effectively at the largest distance from the 
surface of the workpiece, has an effect over a substantial 
radial portion of the workpiece and thus has a broad affect 
over the surface area of the workpiece. In contrast, the 
remaining anodes have substantially more localized effects 
at the radial positions corresponding to the peaks of the 
graph of FIG. 17. 

[0135] The differential radial effectiveness of the anodes 
580, 585 can be utilized to provide an effectively uniform 
electroplated film across the surface of the microelectronic 
workpiece. To this end, each of the anodes 580, 585 may be 
provided with a fixed current that may differ from the current 
provided to the remaining anodes. These plating current 
differences can be provided to compensate for the increased 
plating that generally occurs at the radial position of the 
workpiece surface proximate the contacts of the cathode 
contact assembly 185 (FIG. 8). 

[0136] Likewise, the current to the individual anodes 580, 
585 can be adjusted to provide a radiajlyjiniforni deposition 
of metal during seed layer enhancement in accordance with 
the present invention, including during seed layer enhance- 
ment in an electrolytic alkaline bath. 
[0137] The computer simulated effect of a predetermined 
set of plating current differences on the normalized thickness 
of the electroplated film as a function of the radial position 
on the miaoelectronic workpiece over time is shown in 
FIG. 18. In this simulation, the seed layer was assumed to 
be uniform at l o. As illustrated, there is a substantial differ- 
ence in the thickness over the radial position on the micro- 
electronic workpiece during the initial portion of the elec- 
troplating process. This is generally characteristic of 
workpieces having seed layers that are highly resistive, such 
as those that are formed from a highly resistive material or 
that are very thin. However, as can be seen from FIG. 18, the 
differential plating that results from the differential current 
provided to the anodes 580, 585 forms a substantially 
uniform plated film by the end of the electroplating process. 
It will be recognized that the particular currents that are to 
be provided to anodes 580, 585 depends upon numerous 
factors including, but not necessarily limited to, the desired 
thickness and material of the electroplated film, the thick- 
ness and material of the initial seed layer, the distances 
between anodes 580, 585 and the surface of the microelec- 
tronic workpiece, electrolyte bath properties, etc. 
[0138] Anodes 580, 585 may be consumable, but are 
suitably inert and formed from platinized titanium or some 



other inert conductive material. However, as noted above, 
inert anodes tend to evolve gases that can impair the 
uniformity of the plated film. To reduce this problem, as well 
as to reduce the likelihood of the entry of bubbles into the 
main processing chamber 505, processing base 37 includes 
several unique features. With respect to anode 580, a small 
fluid flow path forms a Venturi outlet 590 between the 
underside of anode 580 and the relatively lower pressure 
channel 540 (see FIG. 9). This results in a Venturi effect that 
causes the electroplating solution proximate the surfaces of 
anode 580 to be drawn away and, further, provides a suction 
flow (or recirculation flow) that affects the uniformity of the 
impinging flow at the central portion of the surface of the 
microelectronic workpiece. 

[0139] The Venturi flow path 590 may be shielded to 
prevent any large bubbles originating from outside the 
chamber from rising through region 590. Instead, such 
bubbles enter the bubble-trapping region of the antechamber 
510. 

[0140] Similarly, electroplating solution sweeps across the 
surfaces of anodes 585 in a radial direction toward fluid 
outlet 572 to remove gas bubbles forming at their surfaces. 
Further, the radial components of the fluid flow at the surface 
of the microelectronic workpiece assist in sweeping gas 
bubbles therefrom. 

[0141] There are numerous further processing advantages 
with respect to the illustrated flow through the reactor 
chamber. As illustrated, the flow through the nozzles 535 is 
directed away from the microelectronic workpiece surface 
and, as such, there are no jets of fluid created to disturb the 
uniformity of the diffusion layer. Although the diffusion 
layer may not be perfectly uniform, it will be substantially 
uniform, and any non-uniformity will be relatively gradual 
as a result Further, the effect of any minor non-uniformity 
may be substantially reduced by rotating the microelectronic 
workpiece during processing. A further advantage relates to 
the flow at the bottom of the main chamber 505 that is 
produced by the Venturi outlet, which influences the flow at 
the centerline thereof. The centerline flow velocity is oth- 
erwise difficult to implement and control. However, the 
strength of the Venturi flow provides a non-intrusive design 
variable that may be used to affect this aspect of the flow. 

[0142] As is also evident from the foregoing reactor 
design, the flow that is normal to the microelectronic work- 
piece has a slightly greater magnitude near the center of the 
microelectronic workpiece and creates a dome-shaped 
meniscus whenever the microelectronic workpiece is not 
present (i.e., before the microelectronic workpiece is low- 
ered into the fluid). The dome-shaped meniscus assists in 
minimizing bubble entrapment as the microelectronic work- 
piece or other workpiece is lowered into the processing 
solution (here, the electroplating solution). 

[0143] A still further advantage of the foregoing reactor 
design is that it assists in preventing bubbles that find their 
way to the chamber inlet from reaching the microelectronic 
workpiece. To this end, the flow pattern is such that the 
solution travels downward just before entering the main 
chamber. As such, bubbles remain in the antechamber and 
escape through holes at the top thereof. Further, the upward 
sloping inlet path (see FIG. 12 and appertaining description) 
to the antechamber prevents bubbles from entering the main 
chamber through the \fenturi flow path. 
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[0144] FIGS. 10-12 illustrate a specific construction of a 
complete processing chamber assembly 610 that has been 
specifically adapted for electrochemical processing of a 
semiconductor microelectronic workpiece. More particu- 
larly, the illustrated embodiment is specifically adapted for 
depositing a uniform layer of material on the surface of the 
workpiece using electroplating. 

[0145] As illustrated, the processing base 137 shown in 
FIG. 8 is comprised of processing chamber assembly 610 
along with a corresponding exterior cup 605. Processing 
chamber assembly 610 is disposed within exterior cup 605 
to allow exterior cup 605 to receive spent processing fluid 
that overflows from the processing chamber assembly 610. 
Aflange 615 extends about the assembly 610 for securement 
with, for example, the frame of the corresponding tool. 
[0146] With particular reference to FIGS. 11 and 12, the 
flange of the exterior cup 605 is formed to engage or 
otherwise accept rotor assembly 75 of reactor head 30 
(shown in FIG. 8) and allow contact between the micro- 
electronic workpiece 25 and the processing solution, such as 
electroplating solution, in the main fluid flow chamber 505. 
The exterior cup 605 also includes a main cylindrical 
housing 625 into which a drain cup member 627 is disposed. 
The drain cup member 627 includes an outer surface having 
channels 629 that, together with the interior wall of main 
cylindrical housing 625, form one or more helical flow 
chambers 640 that serve as an outlet for the processing 
solution. Processing fluid overflowing a weir member 739 at 
the top of processing cup 35 drains through the helical flow 
chambers 640 and exits an outlet (not illustrated) where it is 
either disposed of or replenished and re-circulated. This 
configuration is particularly suitable for systems that include 
fluid recirculation since it assists in reducing the mixing of 
gases with the processing solution thereby further reducing 
the likelihood that gas bubbles will interfere with the uni- 
formity of the diffusion layer at the workpiece surface. 
[0147] In the illustrated embodiment, antechamber 510 is 
defined by the walls of a plurality of separate components. 
More particularly, antechamber 510 is defined by the interior 
walls of drain cup member 627, an anode support member 
697, the interior and exterior walls of a mid-chamber mem- 
ber 690, and the exterior walls of flow diffuser 525. 
[0148] FIGS. 10B and 11 illustrate the manner in which 
the foregoing components are brought together to form the 
reactor. To this end, the mid-chamber member 690 is dis- 
posed interior of the drain cup member 627 and includes a 
plurality of leg supports 692 that sit upon a bottom wall 
thereof. The anode support member 697 includes an outer 
wall that engages a flange that is disposed about the interior 
of drain cup member 627. The anode support member 697 
also includes a channel 705 that sits upon and engages an 
upper portion of flow diffuser 525, and a further channel 710 
that sits upon and engages an upper rim of nozzle assembly 
530. Mid-chamber member 690 also includes a centrally 
disposed receptacle 715 that is dimensioned to accept the 
lower portion of nozzle assembly 530. Likewise, an annular 
channel 725 is disposed radially exterior of the annular 
receptacle 715 to engage a lower portion of flow diffuser 
525. 

[0149] In the illustrated embodiment, the flow diffuser 525 
is formed as a single piece and includes a plurality of 
vertically oriented slots 670. Similarly, the nozzle assembly 



530 is formed as a single piece and includes a plurality of 
horizontally oriented slots that constitute the nozzles 535. 
[0150] The anode support member 697 includes a plurality 
of annular grooves that are dimensioned to accept corre- 
sponding annular anode assemblies 785. Each anode assem- 
bly 785 includes an anode 585 (suitably formed from 
platinized titanium or another inert metal) and a conduit 730 
extending from a central portion of the anode 585 through 
which a metal conductor may be disposed to electrically 
connect the anode 585 of each assembly 785 to an external 
source of electrical power. Conduit 730 is shown to extend 
entirely through the processing chamber assembly 610 and 
is secured at the bottom thereof by a respective fitting 733. 
In this manner, anode assemblies 785 effectively urge the 
anode support member 697 downward to clamp the flow 
diffuser 525, nozzle assembly 530, mid-chamber member 
690, and drain cup member 627 against the bottom portion 
737of the exterior cup 605. This allows for easy assembly 
and disassembly of the processing chamber 610. However, 
it will be recognized that other means may be used to secure 
the chamber elements together as well as to conduct the 
necessary electrical power to the anodes. 
[0151] The illustrated embodiment also includes a weir 
member 739 that detachably snaps or otherwise easily 
secures to the upper exterior portion of anode support 
member 697. As shown, weir member 739 includes a rim 
742 that forms a weir over which the processing solution 
flows into the helical flow chamber 640. Weir member 739 
also includes a transversely extending flange 744 that 
extends radially inward and forms an electric field shield 
over all or portions of one or more of the anodes 585. Since 
the weir member 739 may be easily removed and replaced, 
the processing chamber assembly 610 may be readily recon- 
figured and adapted to provide different electric field shapes. 
Such differing electrical field shapes are particularly useful 
in those instances in which the reactor must be configured to 
process more than one size or shape of a workpiece. Addi- 
tionally, this allows the reactor to be configured to accom- 
modate workpieces that are of the same size, but have 
different plating area requirements. 
[0152] The anode support member 697, with the anodes 
585 in place, forms the contoured sidewall 560 and slanted 
sidewall 565 that is illustrated in FIG. 9. As noted above, the 
lower region of anode support member 697 is contoured to 
define the upper interior wall of antechamber 510 and 
suitably includes one or more gas outlets 665 that are 
disposed therethrough to allow gas bubbles to exit from the 
antechamber 510 to the exterior environment. 
[0153] With particular reference to FIG. 12, fluid inlet 515 
is defined by an inlet fluid guide, shown generally at 810, 
that is secured to the floor of mid-chamber member 690 by 
one or more fasteners 815. Inlet fluid guide 810 includes a 
plurality of open channels 817 that guide fluid received at 
fluid inlet 515 to an area beneath mid-chamber member 690. 
Channels 817 of the illustrated embodiment are defined by 
upwardly angled walls 819. Processing fluid exiting chan- 
nels 817 flows therefrom to one or more further channels 
821 that are likewise defined by walls that angle upward. 
[0154] Central anode 580 includes an electrical connec- 
tion rod 581 that proceeds to the exterior of the processing 
chamber assembly 610 through central apertures formed m 
nozzle assembly 530, mid-chamber member 690 and inlet 
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fluid guide 810. Tie small Venturi flow path regions shown 
a,590Ln FIG. 9 are formed in FIG. 12 by vertical channels 
823 that proceed through drain cup member 690 and 1 the 
bottom wall of nozzle member 530. As «ed «he fluid 
inlet guide 810 and, specifically, the upwardly angled walk 
819 extend radially beyond the shielded vertical charmels 
823 so that any bubbles entering the inlet proceed through 
the upward channels 821 rather than through the vertical 
channels 823. 

mi 551 FIGS 13-16 illustrate a further embodiment of an 
unproved reactor chamber. The emtodiment illustrated m 
these figures retains the advantageous electric field and flow 
characteristics of the foregoing reactor construction while 
concurrently being useful for situations m which anode 
electrode isolation is desirable. Such situations mclude, but 
are not limited to, the following: 

T0156] 1 . instances in which the electrochemical elec- 
troplating solution must pass over an electrode, such 
as an anode, at a high flow rate to be optimally 
effective; 

■01571 2 instances in which one or more gases evolv- 
ing from the electrochemical reactions at the anode 
surface must be removed in order to insure uniform 
electrochemical processing; and 
[0158] 3. instances in which consumable electrodes 
are used. 



r0159] With reference to FIGS. 13 and 14 the reactor 
mchides an electrochemical electroplating solution flow 
path into the innermost portion of the P^f 510 ^^ 
{nat is very similar to the flow path o the embodiment 
illustrated in FIG. 9 and as impkmented m the emborhment 
of the reactor chamber shown in FIGS. 10A through 12 As 
such, components that have similar functions are not further 
identified here for the sake of simplicity Rather, only those 
portions of the reactor that significantly differ from , the 
foregoing embodiment are identified and described below. 
rOMOl Asignificant distinction between the embodiments 
exists, however> connection with the anode electrodes and 
thTappertaining structures and fluid flow paths. More .par- 
ticularly the reactor based 137 includes a plurality of 
SXJd anodes 1015, 1020, 1025 and 1030 that are 
concentrically disposed with respect to one another in 
rLective anodTcnamber housings 1017, 1022, 1027 and 
E*£ sbowteach anode 1015, 1020, 1025 and 1030 has 
a vertically oriented surface area that is greater than die 
surface area of the corresponding anodes shown in the 
foregoing embodiments. Four such anodes are employed ro 
the disclosed embodiment, but a larger or smaller number of 
anodes may be used depending upon the electrochemical 
processing parameters and results that are desired. Each 
anode 1015 1020, 1025 and 1030 is supported m the 
^tile anoie chamber housing 1017, 1022 1027 and 
1032 by at least one corresponding support/conductive 
member 1050 that extends through the bottom of the pro- 
cessing base 137 and terminates at an electrical connector 
1055 for connection to an electrical power source. 
T01611 In accordance with the disclosed embodiment, fluid 
flow to and through the three outermost ^amberhousm^ 
1022, 1027 and 1032 is provided from an inlet 1060 < Ant is 
separate from inlet 515, which supplies the flmd flow 
through an innermost chamber housing 1017. As shown, 



fluid inlet 1060 provides electroplating solution to a mani- 
fold 1065 having a plurality of slots 1070 disposed in its 
exterior wall. Slots 1070 are in fluid communication with a 
plenum 1075 that includes a plurality of openings 1080 
through which the electroplating solution respectively enters 
the three anode chamber housings 1022, 1027 and 1032. 
Fluid entering the anode chamber housings 1017, ltKZ, 
1027 and 1032 flows over at least one vertical surface and, 
suitably, both vertical surfacesof the respective anode 1015, 
1020, 1025 and 1030. 

r0162] Each anode chamber housing 1017, 1022, 1027 
and 1032 includes an upper outlet region that opens to a 
respective cup 1085. Cups 1085, as illustrated, are disposed 
in the reactor chamber so that they are concentre wuh one 
another. Each cup includes an upper rim 1090 that termi- 
nates at a predetermined height with respect to the other 
rims, with the rim of each cup terminating at a height that is 
vertically below the immediately adjacent outer concentnc 
cup Each of the three innermost cups further includes a 
substantially vertical exterior wall 1095 and a slanted inte- 
rior wall 1200. This wall construction creates a flow region 
1205 in the interstitial region between concentrically dis- 
posed cups (excepting the innermost cup that has a con- 
toured interior wall that defines the flmd flow region 1205 
and then the outer most flow region 1205 associated with the 
outer most anode) that increases in area as the flmd flows 
upward toward the surface of the microelectronic workplace 
under process. The increase in area effectively reduces he 
fluid flow velocity along the vertical flmd flowpath, with the 
velocity being greater at a lower portion of the flow region 
KM when compared to the velocity of the flmd flow at the 
upper portion of the particular flow region. 



r01631 The interstitial region between the runs of concen- 
tiically adjacent cups effectively defines the size and shape 
of each of a plurality of virtual anodes, each virtual anode 
being respectively associated with a correspondinganode 
disposed in its respective anode chamber housing. The size 
andshape of each virtual anode that is seen by the micro- 
electronic workpiece under process is generally independent 
of the size and shape of the corresponding actual anode. As 
such, consumable anodes that vary in size and shape over 
time as they are used can be employed for anodes 1015, 
1020 1025 and 1030 without a corresponding change m tne 
ovendl anode configuration is seen by the microelectronic 
workpiece under process. Further, given ^ deceteration 
experienced by the fluid flow as it proceeds vertically 
through flow regions 1205, a high fluid flow velocity may be 
introduced across the vertical surfaces of the anodes 1015, 
1020 1025 and 1030 in the anode chamber housings 1022, 
1027and 1032 while concurrently producing a very uniform 
fluid flow pattern radially across the^ surface : of the micro- 
electronic workpiece under process. Such a high flmd flow 
velocity across the vertical surfaces of me anodes 1015 
1020 1025 and 1030, as noted above, is desirable when 
using certain electrochemical electroplating stations, such 
as electroplating fluids avaflabirfroTH Atotech. Further, such 
high fluid flow velocities may be used to assist m removing 
X of the gas bubbles that form at the surface of the 
anodes, particularly inert anodes. To this end, each of the 
ldeiberhousmgsl017,1022,l^^ 
provided with one or more gas outlets (not illustrated) at the 
upper portion thereof to vent such gases. 
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r01641 Of further note, unlike the foregoing embodiment, 
element 1210 is a securement that is formed from a dielectric 
material. The securement 1210 is used to clamp a plurality 
of the structures forming reactor base 137 together. 
Although securement 1210 may be formed from a conduc- 
tive material so that it may function as an anode, the 
innermost anode seen by the microelectronic workpiece 
under process is suitably a virtual anode corresponding to 
the interior most anode 1015. 

[0165] FIGS. 15 and 16 illustrate computer simulations of 
fluid flow velocity contours of a reactor constructed in 
accordance with the embodiment shown in FIGS. 17 
through 19. In this emrjodiment, all of the anodes of the 
reactorbase may be isolated from a flow of fluid through the 
S chamber housings. To this end, FIG. 15 illustrates the 
fluid flow velocity contours that occur when a flow of 
electroplating solution is provided through each of the anode 
2 homing., while FIG. 16 illustrates the fluid flow 
velocity contours that occur when there is no flow of 
electroplating solution provided through the anode chamber 
housings past the anodes. This latter condition can be 
accomplished in the reactor of by turning off the flow from 
the second fluid flow inlet (Ascribed below) and may 
likewise be accomplished in the reactor of and 1 14 
by turning of the fluid flow through inlet 1060. Such a 
condition may be desirable in those instances in which a 
flow of electroplating solution across the surface of the 
anodes is found to significantly reduce the organic additive 
concentration of the solution. 

[0166] FIG. 19 illustrates a variation of the reactor 
embodiment shown in FIG. 14. For the sake of simplicity, 
only the elements pertinent to the following discussion are 
provided with reference numerals. 

[0167] This further embodiment employs a different struc- 
Ec far providing fluid flow to the anodes 1015, 1 020, 1025 
and 1030. More particularly, the further embodiment 
employs an inlet member 2010 that serves as an inlet for the 
supply and distribution of the processing fluid to the anode 
chamber housings 1017, 1022, 1027 and 1032. 

r0168] With reference to FIGS. 19 and 20, the inlet 
member 2010 includes a hollow stem 2015 that may be used 
to provide a flow of electroplating fluid. The hollow stem 
2015 terminates at a stepped hub 2020. Stepped hub 2020 
includes a plurality of steps 2025 that each include a groove 
dimensioned to receive and support a corresjwn^dmg wall of 
the anode chamber housings. Processing fluid is directed 
into the anode chamber housings through a plurality of 
channels 2030 that proceed from a manifold area into the 
respective anode chamber housing. 
[01691 This latter inlet arrangement assists in further elec- 
iricau} isolating anodes 1015, 1020, 1025 and 1030 from 
one another. Such electrical isolation occurs due to toe 
increased resistance of the electrical flow path between toe 
anodes. The increased resistance is a direct result of toe 
increased length of the fluid flow paths that exist between the 
anode chamber housings. 



r0170] The manner in which the electroplating power is 
supplied to the microelectronic workpiece at the peripheral 
edge thereof effects the overall film quality of the deposited 
metal. Some of the more desirable characteristics of a 



contact assembly used to provide such electroplating power 
include, for example, the following: 

[0171] 1 uniform distribution of electroplating 
power about the periphery of the microelectronic 
workpiece to maximize the uniformity of the depos- 
ited film; 

[0172] 2. consistent contact characteristics to insure 

wafer-to-wafer uniformity; 
[0173] 3. minimal intrusion of the contact assembly 
on the microelectronic workpiece periphery to maxi- 
mize the available area for device production; and 
[0174] 4. rninimal plating on the barrier layer about 
the microelectronic workpiece periphery to inhibit 
peeling and/or flaking. 
[0175] To meet one or more of the foregoing characteris- 
tics reactor assembly 120 suitably employs a contact assem- 
bly 185 that provides either a continuous electrical contact 
or a high number of discrete electrical contacts with the 
microelectronic workpiece 125. By providing a more con- 
tinuous contact with the outer peripheral edges of the 
microelectronic workpiece 125, in this case around the outer 
circumference of the semiconductor wafer, a more uniform 
current is supplied to the microelectronic workpiece 125 that 
promotes more uniform current densities. The mom uniform 
current densities enhance uniformity in the depth of the 
deposited material. 

[0176] Contact assembly 185, in accordance with an 
embodiment, includes contact members that provide mini- 
mal intrusion about the microelectronic workpiece penpnery 
while concurrently providing consistent contact with the 
seed layer. Contact with the seed layer is enhanced by using 
a contact member structure that provides a wiping action 
against the seed layer as the microelectronic workpieceis 
brought into engagement with the contact assembly. This 
wiping action assists in removing any oxides at the seed 
laver surface thereby enhancing the electrical contact 
between the contact structure and the seed layer. As a result, 
uniformity of the current densities about the microelectronic 
workpiece periphery are increased and the resulting film is 
more uniform. Further, such consistency in the electrical 
contact facilitates greater consistency in the electroplating 
process from wafer-to-wafer thereby increasing wafer-to- 
wafer uniformity. 

[0177] Contact assembly 185, as will be set forth in further 
detail below, also suitably includes one or more structures 
that provide a barrier, individually or in cooperation with 
other structures, that separates the contact/contacts, the 
peripheral edge portions and backside of the microelectromc 
workpiece 125 from the plating solution. This prevents the 
plating of metal onto the individual contacts and, further, 
assists in preventing any exposed portions of the barrier 
layer near the edge of the microelectronic workpiece 125 
from being exposed to the electroplating environment. As a 
result, plating of the barrier layer and the appertaining 
potential for contamination due to flaking of any loosely 
adhered electroplated material is substantially limited. 
Exemplary contact assemblies suitable for use in the present 
sjtem are illustrated in U.S. Ser. No. 09/113,723, filed Jul. 
10, 1998, which is hereby incorporated by reference. 



[0178] One or more of the foregoing reactor assemblies 
may be readily integrated in a processing tool that is capable 



US 2002/0008034 Al 



16 



Jan. 24, 2002 



of executing a plurality of processes on a workpiece, such as 
a semiconductor microelectronic workpiece. One such pro- 
cessing tool is the LT-210TM electroplating apparatus avau- 
S Semitool, Inc., of Kalispell, Mont. FIGS. 21 and 
22 illustrate such integration. 

r01791 The system of FIG. 21 includes a plurality of 
processing stations 1610. Suitably, these processing stations 
include one or WSt aBW&W»Jl£BS^ffi£2& 
electroplating stations (including one or more electroplating 
reactors such as the one above), although further immersion- 
chemical processing stations constructed m accordance with 
the of the present invention may also be employed. The 
system also suitably includes a thermal processing station 
such as at 1615, that includes at least one thermal reactor that 
is adapted for r apid thermal processmg (RTP^ 
T01801 The workpieces are transferred between the pro- 
cessing stations 1610 and the RIP station 1615 iKing one or 
more robotic transfer mechanisms 1620 that are disposed for 
linear movement along a central track 1625. One or more of 
the stations 1610 may also incorporate structures that are 
adapted for executing an in-situ rmse^SmUbly .all ^of jte 
processing stations as well as the roboUc yansfer mecha- 
nisms are disposed in a cabinet that is provided with filtered 
air at a positive pressure to thereby limit airborne contami- 
nants that may reduce the effectiveness of the microelec- 
tronic workpiece processing. 

mi 811 FIG. 22 illustrates a further embodiment of a 
proceing tool in which an RTP station 1635, located in 
portion 1630, that includes al least one thermal reactor, £ay 
be integrated in a tool set Unlike the embodiment of FIG. 
21, in fins embodiment, at least one thermal reactor is 
serviced by a dedicated robotic mechanism 1640. The dedi- 
cated robotic mechanism 1640 accepts workpieces that are 
transferred to it by the robotic transfer mechanisms 1620. 
Transfer may take place through an intermediate staging 
door/area 1645. As such, it becomes possible to hygiemcally 
separate the RTP portion 1630 of the processmg tool from 
other portions of the tool. Additionally, using such a con- 
struction, the illustrated annealing station may be imple- 
mented L a separate module that is attached to upgrade an 
existing tool set. It will be recognized that other types of 
processing stations may be located in portion 1630 m 
addition to or instead of RTP station 1635. 
[0182] D. Selective Electrode Control 
TO1831 The selective control and adjustment of the anodes 
for uniform electrodeposition, such as during electrochemi- 
cal deposition of metallization structures or seed layer 
enhancement, will now be further described. FIG. 23 ) Shows 
a schematic representation of the reactor assembly 120 
illustrated in FIG. 8. Thus, as previously described, ttie 
reactor includes a reactor head 130 and a reactor base 137. 
T01841 As previously described with reference to FIG. 9, 
me reactor head 130 includes a stationary amenably and a 
rotor assembly that carries the workpiece 125 and suitably 
positionsitprocess-side down. The rotor assembly rotates or 
spins the workpiece 125 while joining its efcctncally con- 
ductive surface. The reactor head thus ^eludes ^one or 
more cathode contacts, shown generally at 185, that elec- 
trically contact the lower surface of the workpiece 125. 
[0185] The reactor base 137 includes an outer overflow 
container 1710 and an interior processing container 171Z. A 



flow of electroplating fluid is provided to the processing 
container 1712 through the inlet 1714. The electroplating 
fluid fills the interior of processing container 1712 and 
overflows a weir 1716 formed at the top of processing 
container 1712. The fluid overflowing weir 1716 tiien enters 
overflow container 1710, and exits the reactor 120 through 
an outlet 1718. Outlet 1718 may be directed to a recircula- 
tion system, chemical refurbishment system, or disposal 
system. 

r0186] An electrode assembly, shown generally at 1750, is 
disposed in the processing container 1712 in contact with the 
electrochemical processing fluid (here, the electroplating 
fluid). Electrode assembly 1750 includes a base member 
1752 in which a plurality of fluid flow apertures 1754 are 
disposed. The fluid flow apertures 1754 assfat .m 
the electroplating fluid flow entering inlet 1714 so that the 
flow of electroplating fluid at the surface of microelectronic 
woikpiece 125 is less localized and radially more uniform. 
Electrode assembly 1750 also includes an electrode array, 
shown generally at 1756, that comprises a plurabty of 
individual electrodes 1758 that are supported by base mem- 
ber 1752. Electrode array 1756 may take on any number ot 
physical configurations. The particular physical configura- 
tor, that is utilized in a given reactor is principally depen- 
dent on the particular type and shape of microel^tromc 
workpiece 125 that is to be processed ta tne iflustrated 
embodiment, microelectronic workpiece 125 is in the form 
of a disk-shaped semiconductor wafer. Acwrdmgly^Uie 
present inventors have found that the individual electrodes 
1758 may be formed as rings of different diameters and that 
they may be arranged concentrically in ahgnment with the 
center of microelectronic workpiece 125. It will be recog- 
nized, however, that other electrode array configurations 
may also be employed without departing from the scope ot 
the present invention. 

r01871 When reactor 120 is used to electroplate at least 
one surface of microelectronic woikpiece 125 the surface of 
the workpiece 125 that is electroplated futons as a 
cathode in the electrochemical reaction whde electrode array 
1756 functions as an anode. To this end, the surface of 
woikpiece 125 that is to be electroplated is connected to a 
negative potential terminal of a po^JHffily 1760 throng 
contacts W5 and the individual electrodes 1758 of electrode 
array 1756 are connected to positive potential terminals of 
supply 1760. And the illustrated embodiment, each of the 
individual electrodes 1758 is connected to a discrete termi- 
nal of supply 1760 so that supply 1760 may u^viduaUy 
alter one or more electrical parameters, such as the current 
flow, associated with each of the inmvidual electiod^ 175^ 
As such, each of the individual electrodes 1758 ofFIG. 23 
is an individually controllable electrode. It will be recog- 
nized, however, that one or more of the individual electrodes 
1758 of electrode array 1756 may be connected to a common 
node/terminal of power supply 1760. In such instancy, 
power supply 1760 will alter the one or more electnc^ 
parameters of the commonly connected electrodes 17M 
concurrently, as opposed to individually, thereby effectively 
making the commonly connected electrodes 1758 a single, 
individually controllable electrode. As such, individually 
controllable electrodes can be formed from physically dis- 
tinct electrodes that are connected to discrete terminak of 
power supply 1760 as well as from physically distinct 
electrodes that are commonly connected to a single discrete 
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terminal of power supply 1760. Electrode array 1756 suit- 
ably comprises at least two individuaUy controllable elec- 
trodes. 

r0188] Electrode array 1756 and power supply 1760 facili- 
tate localized control of the electrical parameters used to 
electrochemically process the microelectronic workpiece 
125 This localized control of the electrical parameters can 
be used to provide greater uniformity of the electrochemical 
processing across the surface of the microelectronic work- 
piece when compared to a single electrode system. However, 
determining the electrical parameters for each of the elec- 
trodes 1758 in array 1756 to achieve the desired process 
uniformity can be problematic. Accordingly, the present 
inventors have developed a method and apparatus that 
simplifies and substantially automates the determination of 
the electrical parameters associated with each of the indi- 
vidually controllable electrodes. In accordance with this 
approach, a plurality of sensitivity values are determined, 
either experimentally or through numerical simulation, and 
subsequently used to adjust the electrical P^ameters^o- 
ciated with each of the individually controllable electrodes. 
The sensitivity values may be placed in a table or may be in 
the form of a Jacobian matrix. This table/matrix holds 
information corresponding to process parameter changes 
(ie thickness of the electroplated film) at various points on 
the workpiece 125 due to electrical parameter pe rturbaUons 
(i.e., electrical current changes) to each of the individually 
controllable electrodes. This table/matrix is derived from 
data from a baseline workpiece plus data from separate runs 
with a perturbation of a controllable electrical parameter to 
each of the individually controllable. 
r01891 Once the values for the sensitivity table/matrix 
have been determined, the values may be stored in and used 
bv control system 1765 to control one or more of the 
electrical parameters that power supply 1760 1 uses in con- 
nection with each of the individually controllable electrodes 
1758 FIG. 24 is an exemplary flow diagram illustrating one 
manner in which the sensitivity table/matrix may be used to 
calculate an electrical parameter (i.e., current) for each of the 
individually controllable electrodes 1758 that may be used 
to meet a target process parameter (i.e., target thickness of 
the electroplated film). 

[0190] In the exemplary process of FIG. 24 control 
system 1765 utilizes two sets of input parameters along with 
the sensitivity table/matrix to calculate the required electri- 
cal parameters. A first set of input parameters corresponds to 
the data derived from a test run of the process while using 
a known, predetermined set of electrical parameters. This 
first set of input parameters can be derived by first executing 
a test run on a test workpiece using the predetermined 
electrical parameter set, as shown at step 1770. For example, 
a test run can be performed by subjecting a microelectronic 
workpiece 125 to an electroplating process in which the 
current provided to each of the individually controllable 
electrodes 1758 is fixed at a predetermined magnitude for a 
given period of time. 

[01911 After the test run is complete, the physical char- 
acteristics (i.e., thickness of the electroplated film) of the test 
workpiece are measured, as at step 1772, and compared 
against a second set of input parameters at step 1774. In the 
illustrated embodiment of the method, the second set of 
input parameters corresponds to the target physical charac- 



teristics of the microelectronic workpiece that are to be 
ultimately achieved by the process (i.e., the thickness of the 
electroplated film). Notably, the target physical characteris- 
tics can either be uniform over the surface of the microelec- 
tronic workpiece 125 or vary over the surface. For example, 
in the illustrated embodiment, the thickness of an electro- 
plated film on the surface of the microelectronic workpiece 
125 can be used as the target physical characteristic, and the 
user may expressly specify the target thicknesses at various 
radial distances from the center of the workpiece. 
[0192] The first and second set of input parameters are 
used at step 1774 to generate a set of process error values. 
To ensure the integrity of the data obtained during the test 
run, the process error values may be checked at step 1776 to 
make sure that the values fall within a predetermined range, 
tolerance, etc. If the process error values do not pass this test, 
a further test run on a further test workpiece may be 
executed using a different predetermined electrical param- 
eter set, as at step 1778, and the method begins again. If the 
process error values meet the test at step 1776, the control 
system 1765 derives a new electrical parameter set based on 
calculations including the set of process error values and the 
values of the sensitivity table/matrix, as at step 1780. Once 
the new electrical parameter set is derived, the control 
system 1765 directs power supply 1760 to use the derived 
electrical parameters in subsequent processing of further 
microelectronic workpieces to achieve the desired target 
physical characteristics, as at step 1782. 
[0193] With reference again to FIG. 23, the exemplary 
system illustrates two potential manners in which the first 
and second set of input parameters may be provided to the 
control system 1765: a user interface 1784 and a metrics tool 
1786 User interface 1784 may be comprised of; for 
example, a keyboard, a touch-sensitive screen, a voice 
recognition system, etc. Metrics tool 1786 may be an 
automated tool that is used to measure the physical charac- 
teristics of the test workpiece after the test run. When both 
a user interface 1784 and a metrics tool 1786 are employed 
the user interface 1784 may be used to input the target 
physical characteristics that are to be achieved by the 
process while metrics tool 1786 may be used to directly 
communicate the measured physical characterise of the 
test workpiece to the control system 1765. In the absence of 
a metrics tool that can communicate with control system 
1765 the measured physical characteristics of the test work- 
piece can be provided to control system 1765 through user 
interface 1784. It will be recognized that other data com- 
munications devices may be used to provide the first and 
second set of input parameters to control system 1765, tne 
foregoing being merely exemplary. 
[01941 The foregoing method and apparatus can further be 
understood with reference to a specific embodiment m 
which the electrochemical process is electroplating, the 
thickness of the electroplated film is the target physical 
parameter, and the current provided to each of the individu- 
ally controlled electrodes 1758 is the electrical parameter 
that is to be controlled to achieve the target film thickness. 
In accordance with this specific embodiment, a Jacobian 
sensitivity matrix is first derived from experimental or 
numerically simulated data. FIG. 25 is a graph of such data 
that can be used to derive the Jacobian sensitivity matrix 
data. As illustrated, FIG. 25 is a graph of the change m 
electroplated film thickness per change in current-time as a 
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function of radial position on the microelectronic workpiece 
125 for each of the individually controlled anodes A1-A4 of 
FIG. 23. A first baseline workpiece is electroplated for a 
predetermined period of time using a predetermined set of 
current values to individually controlled anodes A1-A4. The 
thickness of the resulting electroplated film is then measured 
as a function of the radial position on the workpiece. These 
data points are then used as baseline measurements that are 



[0201] a is an integer representing a particular anode. 

[0202] The Jacobian sensitivity matrix, set forth below as 
Equation (A5), is an index of the Jacobian values computed 
using Equations (A1)-(A4). These values are also presented 
as highlighted data points in the graph of FIG. 25. These 
values correspond to the radial positions on the surface of a 
semiconductor wafer that are typically chosen for measure- 
ment. 



J = 



0.192982456 0.071570577 0.030913978 0.017811705 

0.148448043 0.084824387 0.039650538 0.022264631 

0.066126856 0.087475149 0.076612903 0.047073791 

0.037112011 0.057654076 0.090725806 0.092239186 

0.029689609 0.045725646 0.073924731 0.138040712 



i(A5) 



compared to the data acquired as the current to each of the 
anodes A1-A4 is perturbated. Line 1790 is a plot of the data 
points associated with a perturbation in the current provided 
by power supply 1760 to anode Al with the current to the 
remaining anodes A2-A4 held at their constant predeter- 
mined values. Line 1792 is a plot of the data points asso- 
ciated with a perturbation in the current provided by power 
supply 1760 to anode A2 with the current to the remaining 
anodes Al and A3-A4 held at their constant predetermined 
values. line 1794 is a plot of the data points associated with 
a perturbation in the current provided by power supply 1760 
to anode A3 with the current to the remaining anodes A1-A2 
and A4 held at their constant predetermined values. Lastly, 
line 1796 is a plot of the data points associated with a 
perturbation in the current provided by power supply 1760 
to anode A4 with the current to the remaining anodes Al- A3 
held at their constant predetermined values. 

[0195] Hie data for the Jacobian parameters shown in 
FIG. 3 may be computed using the following equations: 
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[0196] where: 

[0197] t represents thickness [microns]; 

[0198] AM represents current [amp-minutes]; 

[0199] e represents perturbation [amp-minutes]; 

[0200] m is an integer corresponding to a radial 
position on the workpiece; and 



[0203] Once the values for the Jacobian sensitivity matrix 
have been derived, they may be stored in control system 
1765 for further use. 

[0204] Table 1 below sets forth exemplary data corre- 
sponding to a test run in which a 200 mm wafer is plated 
with copper in a multiple anode system using a nominally 
2000 Alhick initial copper seed-layer. Identical currents of 
1.12 Amps (for 3 minutes) were provided to all four anodes 
A1-A4. The resulting thickness at five radial locations was 
then measured and is recorded in the second column of Table 
1. The 3 sigma uniformity of the wafer is 9.4% using a 49 
point contour map. Target thickness were then provided and 
are set forth in column 3 of Table 1. The thickness errors 
(processed errors) between the plated film and the target 
thickness were then calculated and are provided in the last 
column of Table X. 



TABLE 1 



Data from wafer plated with 1.12 Amps to each anode. 


Radial 


Measured 


Target 




Location 


Thickness 


Thickness 


Error 


(m) 


(microns) 


(microns) 


(microns) 


0 


1.1081 


1.0291 


-0.0790 


0.032 


1.0778 


1.0291 


-0.0487 


0.063 


1.0226 


1.0291 


-0.0065 


0.081 


1.0169 


1.0291 


0.0122 


0.098 


0.09987 


1.0291 


0.0304 



[0205] The Jacobian sensitivity matrix may then be used 
along with the thickness error values to provide a further, 
revised set of anode current values that should yield better 
film uniformity. The equations summarizing this approach 
are set forth below: 

[0206] AAM-J _1 At (for a square system in which the 
number of measured radial positions corresponds to 
the number of individually controlled anodes in the 
system); and 

[0207] AAM=(J T J)" 1 At (for a non-square system in 
which the number of measured radial positions is 
different than the number of individually controlled 
anodes in the system) 
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r02081 Table 2 shows the foregoing equations as applied to 
foe given date set and the corresponding current changes that 
hav<Tbeen derived from the equations to meet the target 
thickness at each radial location (best least square fit). The 
wafer uniformity obtained with the currents in the as 
column of Table 2 was 1.7% (compared to 9.4% for the test 
run wafer). This procedure can be repeated again to try to 
further improve the uniformity. In this example, the differ- 
ences between the seed layers were ignored. 



TABLE 2 






Current adjustment 






Anode Currents Change 
for Run#l to Anode Currents 
(Amps) (Amps) 


Anode Currents 
for Run#2 
(Amps) 


l 

2 
3 
4 


1.12 
1.12 
1.12 
1.12 


-0.21 
0.20 

-0.09 
0.10 


0.91 
1.32 
1.03 
1.22 



[0209] Once the corrected values for the foments 
have been calculated, control system 1765 of FIC. 23 
directs power supply 1760 to provide the corrected current 
to the respective anode A1-A4 during subsequent processes 
to meet the target film thickness and uniformity. 
rOE210] In some instances, it may be desirable to iteratively 
apply the foregoing equations to arrive at a set of current 
change values (the values represented in column 3 of Table 
2) that add up to zero. This may be desirable when, for 
example, the processing recipe defined by the user is entered 
using amp-minute values. 

[02111 The Jacobian sensitivity matrix in the foregoing 
example quantifies the system response , to < anode current 
changes about a baseline condition. Ideally, a different 
matrix may be employed if the processing conditions vary 
significantly from the baseline. The number of system 
parameters that may influence the sensitivity values of the 
sensitivity matrix is quite large. Such system P*f^ eters 
include the seed layer thickness, the electrolyte conductivity, 
the metal being plated, the film thickness, the plating rate, 
the contact ring geometry, the wafer position relative tothe 
chamber, and the anode shape/current distribution. Anode 
shape/current distribution is included for the case of con- 
sumable anodes where the anode shape changes over time. 
Changes to all of these items can change the current density 
across the wafer for a given set of anode currents and, as a 
result, can change the response of the system to changes in 
the anode currents. It is expected, however, that small 
changes to many of these parameters will not require the 
calculation of a new sensitivity matrix. Nevertheless a 
plurality of sensitivity tables/matrices may be derived for 
different processing conditions and stored in control system 
1765. Which of the sensitivity tables/matrices is to be used 
by the control system 1765 can be entered manually by a 
user or can be set automatically depending on measure- 
ments taken by certain sensors or the like (i.e., temperature 
sensors, chemical analysis units, etc.) that mdicate the 
existence of one or more particular processing conditions. 

[02121 The foregoing apparatus and methods may also be 
used to compensate for differences and non-umfonmUes ot 
the initial seed layer of the microelectronic workpiece. 



If 

Generally stated, a blanket seed layer jean affect the umfor- 
mity of a plated film in.twojways: 
[0213] If the seed layer non-uniformity changes, this non- 
uniformity is added to the final film. For exarnriejy&^se^^ 
layer ^X}J^hiBn^^th^mm^ than expected, the 
final mnTu^ickness will also be 100 A thinner at the outer 
edge. 

[02141 If the average seed-layer thickness changes signifi- 
candy, the resistance of the seed-layer will change resulting 
in a modified current density distribution across the wafer 
and altered film uniformity. For example, if the seed layer 
decreases from 2000 A to 1000 A, the final film will not only 
be thinner (because the initial film is thinner) but it wiU also 
be relatively thicker at the outer edge <* e * *%^\ r 
resistivity of the 1000 A seed-layer compared to the 20UU A 
seed-layer (assuming an edge contact). 
[0215] The foregoing apparatus and methods can be used 
to compensate for such seed-layer deviations. In the first 
case above, the changes in seed-layer uniformity may be 
handled in the same manner that errors between target 
thickness and measured thickness are handled. Apre-mea- 
surement of the wafer quantifies changes in the seed-layer 
thickness at the various radial measurement locations and 
these changes (errors) are figured into the current adjustment 
calculations. Using this approach, excellent uniformity 
results can be obtained on the new seed layer, even on the 
first attempt at electroplating. 

[02161 In the second case noted above, an update of or 
selection all of the and other stored sensitivity/Jacobian 
matrix can be used to account for a significantly different 
resistance of the seed-layer. A simple method to adjust for 
the new seed layer thickness is to plate a film onto the new 
seed layer using the same currents used in plating a film on 
the previous seed layer. The thickness errors measured from 
this wafer can be used with a sensitivity matrix appropriate 
for the new seed-layer to adjust the currents. 
[02171 The Jacobian matrix analysis or other methods of 
deterrnining how to selectively control the electrodes A1-A4 
can also be used to carry out the seed layer enhancement as 
set forth above herein, so as to create a more uniform seed 
layer across the face of the workpiece prior to subsequent 
electrodeposition. Independent control of electrodes or 
banks of electrodes is particularly useful for tuning the 
reactor to compensate for high resistance in the substream or 
barrier on which the seed layer is formed, both during seed 
layer enhancement and subsequent deposition. 
[0218] The foregoing apparatus and methods may also be 
used to compensate for reactor-to-reactor variations in a 
multiple reactor system, such as the LT-210C™ available 
from Semitooi, Inc., of Kalispell, Mont. In such a system, 
there is a possibility that the anode currents required to plate 
a specified film might be different on one reactor when 
compared to another. Some possible sources for such dif- 
ferences include variations in the wafer position due to 
tolerances in the lift-rotate mechanism, variations in the 
current provided to each anode due to power supply manu- 
facturing tolerances, variations in the chamber geometry due 
to manufacturing tolerances, variations in the plating solu- 
tion, etc. 

[0219] In a single anode system, the reactor-to-reactor 
variation is typically reduced either by reducing hardware 
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manufacturing tolerances or by making slight f hardware 
modifications to each reactor to compensate for reactor 
variations. In a multiple anode reactor ^r^edm acco " 
dance with the teachings of the present mvention, reactor- 
to-reactor variations can be reduced/eliminated by nmnmg 
sLhtly different current sets in each reactor. As long as the 
re^or variations do not fundamentally change the system 
reSLele. the sensitivity matrix), the self-tuning scheme 
S herein is expected to find anode currents that m<£ 
film thickness targets. Reactor-to-reactor variations canbe 
quantified by comparing differences in the final anode 
currentsforeach chamber. Tnese differences can^savrfm 
one or more offset tables in the control system « ~ J»t4o 
same recipe may be utilized in each reactor. In addition 
EE oLt tables may be used to increase die efficiency of 
entering new processing recipes into the c^fft 
Furthermore, these findings can be used to troubte-shoot 
reactor set up. For example, if the values in the offset ^Uble 
are over a particular threshold, the deviation may indicate a 
hardware deficiency that needs to be corrected. 
TO2201 Hie anode arrangements described hereinabove, 
EL that illustrated and described in FIG. 9, are prtc* 
tolyweU-saitedtoenh^gseedtayemtotare^p^d 

on highly resistive barrier layers or substrates, for plating 
microSectronic workpieces having highly resistive seed 
S£! weU as for plates "ighly -^e matenals on 
microelectronic workpieces. Generally stated, the more 
resistive the seed layer or material that is to be deposited, die 
more l magnitude of the current at the central anode (or 
central anodes) should be increased to yield a uniform film. 

The embodiments of the invention in which an exclusive 
property or privilege is claimed are defined as follows. 
1. Tpn^ss for applying a metallization .mterconn^ 

structure to a workpiece on which an ulti^metoi 

S^en.fo^ 

teffction prose^anchonng M^SS?***** 
layer Tanjmiedjangjaxej, the uhra-thin metal seed layer 
having ph^^alcharacteristics that render it generaUy 
unsuitable for bulk electrolytic deposition of a metal thereon 
on the metal seed layer, comprising: 
(a) repairing the ultra-thin metal seed layer by etertro- 
1 chemically depositing additional metal on the ultra-thin 
metal seed layer within a principal fluid chamber ot a 
reactor to provide an enhanced seed layer using . a 
second deposition process, that is different from the 
first deposition process, comprising supplying electro- 
plating^ower to a plurality of concentnc anodes dis- 
posed at different positions within the principal fluid 
flow chamber relative to the workpiece; and 

(M electrolytically depositing a metal on the enhanced 
^se^aye^undercon^onsmwmchmedepo^tionrato 

of the electrolytic deposition process is substantial^ 
greater than the deposition rate of the process used to 
repair the metal seed layer. . 
2. The process of claim 1 wherein the additional metal is 

^The process of claim 1 wherein the ultra-thin seed layer 
is formed on a barrier layer deposited on a surface of the 
workpiece. „ . . 

4. The process of claim 1 wherein the first electrochemical 
deposition step occurs in an alkaline bath. 



5 The process of claim 4 wherein the alkaline bath 
comprises metal ions and an agent effective in complexing 

the metal ions. 

6 The process of claim 1 wherein the ultra-thin metal seed 
layer that is repaired is formed by physical vapor deposition^ 

7 The process of claim 1 wherein the ultra-thin metal seed 
layer that is repaired has a thickness of less than or equal to 
500 Angstroms. ... , , 

S The orocess of claim 7 wherein the ultra-thin metal 
la^Cptired has a thickness of 100 to 250 Ang- 

stroms. . 

9 The process of claim 1 wherein the complexing agent 
comprises one or more complexing agents selected from 
EDTA, ED, and polycarboxylic acid. 

10 The process of claim 9 wherein the complexing agent 
comprises EDTA and the EDTA in the bath has a concen- 
tration within the range of 0.03 to 1.0 M. 

11 The process of claim 10 wherein the complexing agent 
comprises ED and wherein the ED in trK electrolytic bath 
has a concentration within the range of 0.03 to 1.0 M. 

12 The process of claim 10 wherein the complexing agent 
comprises citric acid and the citric acid in the bath has a 
concentration within the range of 0.03 to 1.0 M. 

13 The process of claim 1 wherein the step of subjecting 
the workpiece to a further electrochemical deposmon pro- 
cess occurs in an acidic electrolytic solution to complete 
^position of the metal to a thickness needed for the for- 
mation of the interconnect structure. 

14 The process of claim 13, further comprising ..subject- 
ing the workpiece to a rinsing process after electrochemical 
deposition ta the alkaline bath and prior to me farther 
electrochemical metal deposition process m an acidic elec- 
trolytic solution. 

15. The process of claim 1, wherein the enhanced seed 
layer has a thickness at all points on sidewalk of subsUn- 
tidly all recessed features distributed within the workpiece 
mat is equal to or greater than 10% of the .enhanced I seed 
layer thickness over the exteriorly disposed surface of the 
workpiece. 

16. The process of claim 1, wherein one or more of the 
plurality of concentric anodes used to repair the ultra-thm 
metal seed layer is disposed in close proximity to the 
workpiece. , 

17 The process of claim 1, wherein the plurality of 
concentric anodes used for the repair of the uhra-thm meUl 
seed layer are arranged at varying distances from mework- 
P^ce from an innermost one of the plurahty of concen nc 
imLdes to an outermost one of the plurality of concentnc 
anodes. - 

18 The process of claim 18, wherein the plurality of 
concentric abodes used for the repair of the ^tia-ttan metal 
seed layer are arranged at increasing distance from the 
woricpiece from an innermost one of the plurahty of con- 
cSc anodes to an outermost one of the plurahty of 
concentric anodes. 

19 The process of claim 1, wherein one or more ot the 
plurality of concentric anodes used to repair the ultra-thm 
metal seed layer is a virtual anode. 

20 The process of claim 19, wherein the virtual anode 
used in the repair of the ultra-thin metal seed layer comprises 
an anode chamber housing having a processing tod ink 
and a processing fluid outlet, the processing fluid outlet 
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being disposed in close proximity to the workpiece andat 
Sfone^nductive anode element d I s P o S ed m the anode 

C ^°pSL of claim 20, wherein the at least one 
conductive Lode element is formed from an inert matenal 
22 The process of claim 1, wherein the repair of the 
ullra-thin metal seed layer ^f^er earned out by pjo^dmg 
^plurality of nozzles within the reactor that are disposed to 
ISI flow of a processing fluid to the pnncipal ^flaid 
tow chamber, the plurality of nozzles being arranged and 
&tlto?^ideverticai y and radial fluid nowcomponems 
STcombiie to generate a substantially umform normal 
flow component oriented radially across a surface of the 
workpiece on which the ultra-thm metal seed layer is 

f ° ^The process of claim 1, wherein the principal fluid 
chamber inlhich the repair of the mtra4hinme^edlay« 
is carried out is defined in an upper portion thereof by an 
angled wall, the angled wall supporting one or more of the 
nluralitv of the concentric anodes. . 
P lTThe process of claim 1, wherein the repair of the 
ultra-thin metal seed layer is carried out m a P™«P^« d 
flow chamber that comprises an inlet disposed at a lower 
portion thereof and that is configured to provide aventun 
effeTtbat facilitates recirculation of a chemical processing 
flSn a lower portion of the principal fluid flow chamber 
25 The process of claim 1, wherein durrog the repar of 
fl^Ja thm metal seed layer, at least twoof Uieplurahty o 
abodes are independently connected to an electrical power 
sZw, farther ^.mprising independently controlbng the 

^TrTeprocessofda^.wte^^^^ 
supply of power for at least one of the mdependendy 
Slled anodes is based on one or more user ,q>ut 
parameters and a plurafity of predeterminer I sen^y val- 
ues associated with the workpiece, the predetermined sen- 
sLTvTlu^corresponding to process perturbations result- 
^Tton ? SrturbaJons of an electrical power s*p y 
parameter for the at least one mdependently controlled 

^^Se process of claim 26, wherein the electrical power 

are logically arranged within a controller as one or more 
^TTp^'ofcl^^ 

input parameter comprises a thickness of the additional 
S I be deposited on the ultra-thin metal seed layer. 
30 The product produced by the process of claim 1. 
31. A process for applying a metallization mterconn^t 
struchire to a workpiece on which an ultra-thm metal seed 
K£r tas been formed using a first deposition process, the 
Zt deposition process anchoring the u^-tnm metal seed 
layer Tan underlying layer, the ultra-thm me ***** 
havine physical characteristics that render it generally 
Sfabteforbulke^^ 
on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer by electro- 
nically depositing additional metal on the ultra-ton 
metal seed layer within a principal fluid chamber ot a 
reactor to provide an enhanced seed layer using a 
ILond deposition process, that is different from the 
first deposition process, comprising supplying electro- 



plating power to a plurality of electrodes wUh.n he 
prindnalfluidflow chamber, wherein at least two of itbe 
plurality of electrodes are independently connected^ 
L elecirical power supply, further comprising mdepen- 
dently controlling the supply of electrical power to the 
at least two electrodes during repair of the ultra-thm 
metal seed layer, and 
ftt electrolytically depositing a metal on the enhanced 
^Sayerldercon^ 

of the electrolytic deposition process >s substantial* 
heater than the deposition rate of the process used to 
repair the metal seed layer. 
32. The process of claim 31 wherein the additional metal 

" M^e process of claim 31 wherein the utaa-ton*ed J 
layer is formed on a barrier layer deposited on a surface of j 

^TSf£>- of claim 31 wherein the electrochemical 
deposition step occurs in an alkaline bath. . 

35 The process of claim 31 wherein the ultra-thin metal 
seed^rErepaired has a thickness of less than or 
equal to 500 Angstroms. \ 

36.The process of claim31,wheremme^ntrollingofthe 
supply of power for at least one of the 
mnttolled electrodes is based on one or more user input 
peters and a plurality of predetermined . sen«UvUy val- 
ues associated with the workpiece, the P^rmmed sen- 
sitivity values corresponding to process perhirbationsre«Jt- 
tag torn perturbations of an electrical power supply 
parameter for the at least one mdependently controlled 
electrode. . , 

37 The process of claim 36, wherein the electrical power 
parameter is electrical current or potential 

38 TheprocessofclaimSe.whereinthesensitivityvalues 

are logically arranged within a controller as one or more 
Jacobian matrices. 

39 The process of claim 26, wherein the at least one user 
input ^ameTcomprises a « 
metal to be deposited mA e ^-\bmm^,^Uy^ 

40 The product produced by the process of claim 31. 
41. A process for applying a metallization mter^nnect 

structiire to a workpiece on which an ultra-thm metal seed 
ZSZ been formed using a first deposition process,!^ 
fi* deposition process anchoring the ultra-thin metal seed 
S« to^n underlying layer, the ultia-thin metal seed layer 
having physical characteristics that render it generally 
ZZll for bulk electrochemical deposition of a metal 
thereon on the metal seed layer, comprising: 

(i\ subjecting the workpiece to an electrochemical depo- 
( ffi process that fe different from the first deposition 
pr^r^n alkaline electroplating bath composing 
metal ions complexed with a complexing agent such 
Zi additional metal is deposited on the ultra-ton 
copper seed layer to thereby repair the seed feyer, 
renting in an enhanced seed layer, the second depo- 
rition process being carried out by supplying ; electio- 
plating power to a plurality of concentric anodes d^ 
posed atdifferent positions, relative to the workpiece, 
Within a principal fluid flow chamber of a reactor; and 



(b) electrolytically depositing a metal on the enhanced 
( seed layer under conditions in which the deposition rate 
ofle electrolytic deposition process is substantially 
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greater than the deposition rate of the process used to 
repair the metal seed layer. 
42. The process of claim 41 wherein the additional metal 

* SEe process of claim 41 wherein the ultra-thm ^ed 
layer is formed on a barrier layer deposited on a surface of 

^TlSp^essof claim 41 wherein die complexing agent 
comprises one or more complexing agents selected from 
EDTA, ED, and polycaiboxylic acid. 

45 The proceTof claim 41 wherein the ulti^-thm meul 
seed layer that is repaired has a thickness of less than or 
eaual to 500 Angstroms. 

46 The processof claim 41, wherein duruig the W™<* 

of anodes. etU ^ 

47 ThepiocessofdaimZ^wheremmeointrolungofthe 

su^iy of '£wer for a given one of the >ndependendy 
Srfled electrodes is based on one or more user input 
Plurality of predetenni ned «M 
values associated with the workpiece, the predetefflimed 
Svity values corresponding to process P^^°f 
rtSg torn perturbations of an electrical power supply 
p^S tor toe at least one independently controlled 

6l6 «The process of claim 47, wherein the sensitivity values 
areloS^ranged within a controller as one or more 

Jacobian matrices. 

ao Thenro<»ssofclaim47,wheremtheatleastoneu S er 

^'t' ^2 comprises a thickness of the additional 
ffl to be deposited on the ultra-thin metal seed layer 
50 The product produced by the process of claim 41. 
«' A orocess for applying a metallization interconnect 
structu^Ca^S^oTwhich an ultra-thin metal seed 
S^Z been formed using a first depo^ion 
to, deposition process anchoring the uta-thm n^ se«l 
Her Tan underlying layer, the ultra-thm metal seed layer 
hiring physical characteristics that render it generally 
Sable for bulk electrochemical deposition of a metal 
thereon on the metal seed layer, comprising: 

M subjecting the workpiece to an electrochemical depo- 
C 2K«w« that is different from the first deposition 
« in an alkaline electroplating bath comprising 
Sons complexed with a complexing agent arch 
^additional metal is deposited on the ultra-thm 
cjper seed layer to thereby repa* the seed layer, 
resulting in an enhanced seed layer, comprising sup- 
m vCelectroplating power to a plurality of electrodes 
SnSe^cipalfluM flow chamber, wherein atle*t 
two of the plurality of electrodes are mdependendy 
Snnected to an ekctrical power supply, Anther com- 
S independently controlling the suppty of electn- 
cafp^erto'meatleLttwoelecti^desdunngrepauof 

the ultra-thin metal seed layer, and 

(til electrolytically depositing a metal on the enhanced 
^leSrlder<S»mwMchthe<tep^n^ 
oHbe electrolytic deposition process is substantial* 
grater than to^silum rate of the process used to 
repair the metal seed layer. 



52. The process of claim 51 wherein the additional metal 

* S process of claim 51 wherein the ultra^ed 
layer is formed on a barrier layer deposited on a surface of 

the workpiece. 

54 Theproce«ofclaim51wheremthecomp exinga^nt 

comprises one or more complexing agents selected from 
EDTA, ED, and polycarboxylic acid. 

55 The proceTof claim 51 wherein the ultra-thm metal 
Jd laJrZt repaired has a thickness of less than or 

supply of P po^ for at leas, one of the 
Soiled electrodes is based on one or more user input 
peters and a plurality of predetermine. se^tivuy val- 
ues associated with the workpiece, the predetermined sen- 
^^escorrespond^ 

mTfiom perturbations of an electrical power supply 
pLnTr for die at least one independendy controlled 
electrode. . - 

57. The process of claim 56, wherein the electrical power 
parameter is electrical current 

58. TT.eprocessofclaim56,whereind,esens.tiv,^vah.es 

are logically arranged within a controller as one or more 
Jacobian matrices. 

59. The process of claim 56, wherein the at least one user 
Jut Parameter comprises a thickness of the additional 
S rbXosfted » me ultra-thin metal seed layer. 

60 The product produced by the process of claim 51. 

61 A process for applying a metallization interconnert 
strucmre to a workpiece on which an ultra-thm metal seed 
Etas been foVmed using a first deposition process, the 
f£, de^tion process anchoring the ultra-thm metal seed 
Uy r^an underlying layer, die ultia-min metal se^ayj 
having physical characteristics that render d generaUy 
Sble for bulkelectrolytic deposition ofametal thereon 
on the metal seed layer, comprising: 

(a) repairing the ultra-thin metal seed layer^ by el ectro- 
( 'cheLcally depositing additional metalon the ultra-dun 
metal seed layer within a principal fluid chamber of a 
reaSor to provide an enhanced se^d layer usmg a 
£cond deposition process, that is different from toe 
firs, deposition process, comprising exposing toe work- 
Sce man electroplating solution within a fluid flow 
cCberof areactor,the fi^d flow chamber defining a 
sidewall and a plurality of nozzles disposed m toe 
sidewall and arranged and directed to provide vertical 
and radial fluid flow components that combine to create 
a substantially uniform normal flow component rad,- 
1 across a surface of toe workpiece on which toe 
ultra-thin metal seed layer is formed; and 



metal seed layer. 
a nrocess for applying a metallization interconnect 
stii^C woSiec? oTwhich an ultra-thin metal seed 
l^er h^ been formed using a first deposition process^ Jhe 
ftrlt deposition process anchoring the ultra-ton metal seed 
5 r STn underlying layer, the ultia-toin me tal^ayer 
having physical characteristics that render it generally 
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stable for bulk electrochemical deposition of a metal 
Son on the metal seed layer, compnsmg. 

/ v w ,»«. workoiece to an electrochemical depo- 
(a) riVt^^gZ^ from the first deposition 
^T^Smnectroplating bath comprising 
SSK "mple«d with a ~tf***>£& 
*- add^nal -^ Jdjj-J- - J • J-£ 

veSSdiSu^Z components that combine 
TnSe a substantially uniform normal flow compo- 
STSSi5«^ a'surfa* of the workprec* on 
Xch the ultra-thin metal seed layer is formed, and 

«*d laver to the underlying layer. , 
^ ■?£ mocess of claim 62, wherein the first electro- 

layer to an underlying layer me urn generally 
on the metal seed layer, comprising: 



n-actor to provide an enhanced seed layer using * 
cation process, mat is different from the 
first deposition process; and 

flow chamber relative to the workpiece. 
tion process that repairs the seed layer e> 

^tTp^sss of claim 65, wherein the second deposi- 
67. lne process ui ^ . comprises 



on the metal seed layer, compnsmg: 

.T ,H 3r to provide an enhanced seed layer 
the first deposition process; and 

controlling the supply of electrical power to the at least 
two electrodes during deposition. 

tion process that repairs me sccu iaj 
PU ^ 8 tCp^ss of claim 68, wherein the second dq»si- 

turn 

dently controlling the supply of e ectneal power to tne 
on the metal seed layer, comprising: 



/ >. «™irino the ultra-thin metal seed layer by electro- 

™Pt»l ^ed laver to provide an enhanced seed layer 
Sa^SposLnproc^matisdifferontfrom 

the first deposition process; and 

S^SKS wor&iec* * an electroplating 
wuipi»u% r chamber of a reactor, the 

Sxr££iSK ■ «* a phu d ^ 

f disposed in the sidewall and arranged and 

formed. 
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72. The process of claim 71, wherein the second deposi- 
tion process that repairs the seed layer is an electroless 
plating process. 

73. Ttie process of claim 71, wherein the second deposi- 
tion process that repairs the said layer occurs within a 
principal fluid chamber of a reactor and also comprises 
exposing the workpiece to an electroplating solution within 
a fluid flow chamber of a reactor, the fluid flow chamber 



defining a side wall and a plurality of nozzles disposed in the 
sidewall and arranged and directed to provide vertical and 
radial fluid flow components that combine to create a 
substantially uniform normal flow component radially 
across a surface of the workpiece on which the ultra-thin 
metal seed layer is formed. 

***** 
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(57) ABSTRACT 

An apparatus and method for performing electrolysis on 
materials such as water, thereby electrically separating the 
electrolyte into its elemental components. More specifically, 
according to a preferred aspect of the instant invention, there 
is provided an apparatus for splitting water into hydrogen 
and oxygen that uses a specially prepared cathode in con- 
junction with incident light energy to increase the efficiency 
of that process. A preferred embodiment of this apparatus 
uses the photo collector/cathode which comprises a thin 
layer of metal, preferably nickel, deposited by electroplating 
or a similar technique onto a conductive surface (e.g., a sheet 
of copper metal). During the electrolysis process, the cath- 
ode is irradiated with light, thereby reducing the amount of 
electrical energy necessary to separate a given quantity of 
electrolytic material. 

16 Claims, 4 Drawing Sheets 
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241, filed Jan. 31, 2000. ^ ves lh ? ejection of electrons from a metal surface by 

TECHNICAL FIELD light in a vacuum tube. Einstein developed the equation for 

.i_ * » ~* the enerav of these electrons in 1906. The equation is: 
The present invention relates generally to the field of the energy oi inese 
electrolysis and, more particularly, to the separation of water ^ E ^_ w 

into its elemental components via electrical current. ^ ^ ^ ^ ^ ^ rf ^ 

BACKGROUND equa i to Plank's constant (h), multiplied by the frequency of 

Our world has been running on fossU fad. gal and ^^^^^^Shc 
petroleum) for over two hundred years, and .s fast using JS ! ^^X^Xocob/ of light must be in the 
Ihese fuelsup. Since it takes millions of years for these fuels Thus? solar energy has 
to form, the need for an alternate growmg *g SSSTta producing hydrogfn. 

more and more urgent. The burning of fossil fuels has also °eretoiore . for a m ethod and apparatus that 

beenamajorcontnbutortopolmdonandapossibleca^eof J^SS^^^moc into ^constituent 
global warming. 20 *\ fe Accordingly, it should now be recognized, as was 

Wind, water, geothermal and tidal enetgy sources have dl . ™ J*ent mV entors, that there exists, and 

been developed but they are limited to specific places^ fo r some time, a very real need for an invention 

Fission has been developed as well, but has met sturdy J^ 0 ™^,^ and ^ the above-described problems, 
resistance from environmental action groups. Fusion enerjsr proceeding to a description of the present 

has yet to live up to its promise. Solar energy via photovol- B P „ should ^ noted and remembered that 

taic cells has also been developed but ttiese use tathao m desc ^ uonof ^ einvention which follows, together with 
15% of the available eneigy and are not yet cost efficient. the Swings, should not be construed as 

Fuel cells, which produce eneigy by recombming oxygen the ioV6Dt ion to the examples (or preferred 

and hydrogen to generate electricity, have reached 70 to 80 6mbodim ents) shown and described. This is so because 
percent efficiency and, since they produce only water, are 30 fa ^ ^ to whico the invention pertains will 

non-polluting and do not contribute to the greenhouse ettect. ^ ^ ^ Qther fonns of ^ invention within the 

Until now, the main source of hydrogen for such systems has ^ ^ claims 

been through the electrolysis of water. Because energy is 

required for the electrolysis process, and because in any SUMMARY OF THE INVENTION 

system some eneigy is lost to entropy mis process has been J5 i„ V6 „tion provides an efficient method of 

inefficient Many elaborate methods have been deseed I to J"^ ol ^ on P water , there by separating it into 
reduce the amount of enetgy needed to *ht water. Because P™^^*^. More specifically, according to a 
these either have not worked, or have been very expensive '*£™~Xne instant invention, there is provided an 
or inefficient proce^ it has not been practical to scale up P^^SSod for splitting water into hydrogen and 
any of these methods for commercial use. 40 hp ^ mvemive apparatus and method employ a 

It has been known for over 100 years that hydrogen and s J^„ repared cat hode in conjunction with incident light 
oxygen gas may be generated by the electrolysis of water [ Q the effici ency of that process. 

Electrolysis utilizes electrical power to create a current Accordin „ to a first preferred embodiment, there is pro- 
between an anode and cathode thereby breakmg water into ^^^"S^tus wherein me cathode serves 
its constituent components, hydrogen and oxygen Of 45 «W » ^oto wlfcdor and as an electrode for electroly- 
course, this process has the potential to be partrcular ly ^'"^"J^Lce for purposes of the instant 
important in view of the concern assorted ^access to ?^*P™ fact that the photon hector/cathode con- 
hydrocarbons in politically unstable countnes. As is well ^STttrinUjw of metal, preferably nickel, deposited by 
known to those skilled in the art, hydrogen is a clean s*teof ^ technique (e.g., vapor 
plentiful and readily usable fuel. *^ * ^J^^g 50 emotive surface (e*? a sheet of copper 

and economical method of producmg hydrogen fromrcaddy JSHta ^ produces a "blacked" (U., black 

available materials such as water ~uld have s^nfficant metal^The ^ p u^p^ ^ 
value, especially in countnes that have few hy*°<»*° n °L^ tobe a njiaocrystelline deposit of metal. This metal 
deposits. Consequently, there ^^^f^S' „ ^ tathTcollect anT absorb the light and 

oping new techniques for the efficient production of molecu- 55 JJJJ^ ^ m , cathodic surface f or the electrolysis 
lar hydrogen. f t materia i and structure (i.e., the way that the 

In order to reduce the amount of electrical eneigy neces- fe deposited) lftct ^ effic i en cy of the 

sary to sunder the hydrogen-oxygen bond in water, solar . 6lectro i ys js and operate to capture energy 

energy is being explored as an eneigy source. One approach P of ^ ^ spectmm . 

which has been actively explored mvo ves chemical pro- 60 the anode and specially prepared cathode are 

cesses which resemble photosynthesis in order to convert J?^2£dtoa ^J oa 'rfJng an electrolyte 
water and air into combustible hydrocarbons. Another preferably iin^K^ m a »~ ^tic acid, or other 
approach, which is the approach taken by the instant along ^£»J^^S Tto b e electrolyzed. 
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additional eneigy to the electrolysis process, thereby reduc- DETAILED DESCRIPTION OF THE 
ing the amount of electricity necessary to separate a given PREFERRED EMBODIMENTS 
quantity of water molecules. Of course, in the preferred „ shouM ^ noted fl , ffle OT ^at within certain broad, 
embodiment, the incident light will be solar light, aUbough ^ ^ ^jfo. of „„, geomelr y and 
manyotherhghtsourcesmightbeused However, solar light 5 cooslm:daa ofthe mvendve photo-a^ed electrolysis cell 
sources have the advantage of providing photons to the m ^ ^deed, ft fc weB ^ abm of one of 
reaction at no "cost m contrast to artificial light sources ordinary skiu in the art to construct many different variations 
which must be supplied with power, thereby reducing the of me felred embodiments herein . For 6xamp i 6f 
overall efficiency of the process. modifications may be made to enhance separation and 
Although light has previously been used to assist in the H> coupon of hydrogen gas and oxygen gas, reduce over- 
electrolysis process, such prior usage has occurred within voltage requirements, enhance light collection capabilities, 
much more complex systems of semiconductors and/or change ^ ionic composition 0 f the electrolytic solution, 
metal ions complexed in organic compounds. Thus, the etc ; without altering the fundamental nature of the inven- 
principle advantage of the instant apparatus and method is yon. 

that the inventive system operates simply and efficiently to 15 ^ le of „ electr0 p latillgbath 1 0 f a type preferred 

reduce the electrical energy required for electrolysis. for ^ {n ^ presefll invcniion ^ depicted ^ nGS. 1 and 

Since much less energy is needed to produce hydrogen 2 . In the electroplating apparatus 1, 2 is a cathode which is 

using the inventive system, fuels cells can now be run on being Slacked for use in the inventive electrolysis processes, 

hydrogen gas (IIJ that is produced much efficiently and cost In ^ example, the base component of cathode 2 is pref- 

effectively, thus providing commercial viability. In addition, 20 era51y a na lf cylinder of conductive metal (e.g., copper metal 

the inventive method of producing hydrogen gas does not foil ) 2 soldered to a wire 4 connecting it to the DC power 

threaten the environment as do fossil and nuclear energy supply 6 Element 8 is the electroplating anode (in this 

sources. particular example a nickel coin, i.e., a disk of nickel- 

The inventive system can be employed at any level or containing metal). Anode 8 is preferably moved back and 

scale, from individual cell phones to power plants. Because forth over the inner surface of the cathode to deliver a 

the process uses inexpensive, readily available materials, it roughly equivalent (i.e., even) layer of the electroplating 

could be used in third world countries, as well as in the metal to all parts of the inner surface of the cathode, 

earth's most technologically advanced countries. Container 1 is an electroplating bath containing a solution of 

Furthermore, because energy and water are the only prod- a salt of the metal to be deposited on the surface of the 

ucts of this process, the problem of pollution has been cathode. In this example, the salt would preferably be 

eliminated. NiS0 4 . 

In addition to hydrogen production, the inventive appa- l n this embodiment of the inventive system, cathode 2 is 

rams and method can also be used in other electrochemical preferably a flexible sheet of metal (e.g., thin, copper metal) 

processes. For example, certain organic adds have been 35 formed into a half cylinder. The radius of this partial cylinder 

shown to decarbonylate and break down under certain is no t critical within broad practical limits. The half cylinder 

electrolysis conditions to methane, ethane and carbon diox- 2 is preferably attached to an insulated, conductive wire 4 

ide. This invention can be used to remove or reduce such by, for example, soldering, and then cleaned to remove 

acids in waste streams through solar assisted electrolysis. A surface contamination. The half cylinder 2 is then preferably 

number of similar electrochemical reactions where this ^ placed in electroplating bath 1 (e.g., a solution of nickel (II) 

invention could be used are known in both organic and sulfate dissolved in water) and connected to electrical power 

inorganic chemistry. source 6 so that it operates as the cathode in the electro- 

The foregoing has outlined in broad terms the more plating system 1. Anode 8 is also connected to power source 
important features of the invention disclosed herein so that 6, by means of insulated wire 10, to begin electro-deposition 
the detailed description that follows may be more clearly 45 of a layer of conductive metal (e.g., nickel) onto the concave 
understood, and so that the contribution of the instant inside surface 27 of the half cylinder 2. 
inventors to the art may be better appreciated. The instant As will be understood by those skilled in the art, other 
invention is not to be limited in its application to the details physical and chemical approaches to depositing the active 
of the construction and to the arrangements of the compo- surface on cathode 2 are certainly possible and have been 
nents set forth in the following description or illustrated in 50 specifically contemplated by the instant inventors. The 
the drawings. Rather, the invention is capable of other resulting cathode surface should be dark in appearance 
embodiments and of being practiced and carried out in (rather than having a shiny metallic surface) due to its 
various other ways not specifically enumerated herein. coating by the reduced metal. As described by some chem- 
Finally, it should be understood that the phraseology and fets and as used herein and in the claims, this sort of dark 
terminology employed herein are for the purpose of descrip- 55 surface is referred to as a "black". Although not essential to 
tion and should not be regarded as limiting, unless the the invention, it is our belief that this black is a micro- 
specification specifically so limits the invention. crystalline deposit of the metal in question. The "black" 

BRIEF DESCRIPTION OF THE DRAWINGS la y er ^ P referabl y essentially free of any semiconduc- 
tor materials and most preferably will consist of conductive 

FIG. 1 illustrates an end-view of a preferred electroplating 6Q metal ^ elemental form. That being said, it should be noted 

apparatus. that the instant invention will operate, albeit not as 

FIG. 2 illustrates a side-view of a the electroplating efficiently, if the "blackened" surface is shiny. 

apparatus of FIG. 1. I n addition to copper, examples of other materials suitable 

FIG. 3 provides a side-view of inventive apparatus 40. f or forming the underlying base of cathode 2 include: nickel, 

FIG. 4 provides a front view of inventive apparatus 40. 65 lead, tin, chromium, graphite or graphitic carbon, gold, 

FIG. 5 provides a schematic diagram of an embodiment silver, chromium, platinum, palladium, and alloys thereof. 

20 of the inventive electrolysis apparatus. The base could be even formed of a plastic or other 
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non-conductive material onto which a conductive surface is essary is that the anode be a good conductor of electricity 
applied, for example, by sputtering, painting, or other pro- and resistant to the corrosive conditions of the anode region 
cesses. The base will preferably be essentially free of any of the cell. Examples of other suitable anode materials 
semiconductive materials and will most preferably consist include: platinum, gold, titanium, nickel, graphite or graph- 
essentially of conductive metal in elemental form, the most 5 ite carbon, and alloys thereof. The anode will preferably be 
important property of the base being that it is conductive on essentially free of any semiconductor materials, 
the surface that is to form the cathode and sufficiently solid Although many other arrangements are possible, the 
to support the coating(s). Further, it is possible in some cases anode wire 28 is preferably placed adjacent the center of half 
for the base to also function as the blackening material, e.g., cylinder cathode along the longitudinal axis thereof so that 
when the base is graphite or graphite carbon. 10 all points on the inside surface 27 of the cathode 2 are 
As will also be apparent to those skilled in the art, approximately equidistant from the anode 28. The half 
electroplating (blacking) metals other than nickel can alter- cylinder cathode 2 is preferably co-axial with the cylinder of 
natively be employed in the present invention. By using barrel 24 and the anode 28 preferably extends along the 
platinum salts and a platinum anode, for example, a thin center of the barrel at least as far as the cathode cylinder 2 
surface layer of "platinum black" can be obtained. Examples 15 extends. Cathode 2 and anode 28 can be kept in place and 
of other suitable blacking materials include: palladium, alignment, for example, by placing a cork or other inert 
copper, silver, gold, zinc, cadmium, thallium, indium, structure in at the bottom of the barrel 24 which will bold the 
gallium, lead, tin, bismuth, antimony, arsenic, tellurium, electrodes in place yet allow free movement of water/ 
selenium, iridium, rhodium, cobalt, iron, ruthenium, electrolyte into and out of the bottom of the syringe, 
osmium, rhenium, manganese, tungsten, molybdenum, 20 To prepare inventive electrolysis apparatus 20 for 
chromium, tantalium, niobium, vanadium, titanium, operation, valve 22 is opened and the barrel 24 is lowered 
zirconium, lanthanum, ytterbium, scandium, strontium, into the electrolyte solution so that the solution 38 fills the 
praseodymium, neodymium, promethium, samarium, bottom portion of the barrel up to the level in the surround- 
europium, gadolinium, terbium, dysprosium, holmium, nig container 36. Alternatively, and as further examples may 
erbium, thulium, and lutetium. Examples of additional suit- 25 be used to enable outside air to push the electrolyte liquid/ 
able materials include mixtures, alloys, mercury amalgams, solution up into the cell. Then, the valve 22 is closed and the 
and combinations of the foregoing and similar metals, or barrel 24 is raised to a point where the bottom of the barrel 
combinations of these elements with other elements, where 24 is just below the surface of the solution 38 in base 
the above elements constitute the major (by weight) com- container 36. This traps a column of the solution in barrel 24 
ponents. 30 up to level 32. This makes it possible to measure the amount 
The thickness of the "black" deposit is not critical so long of gas evolved by noting the change in level 32 in the barrel 
as it is thick enough to coat the surface of the cathode and 24. Subsequently, barrel 24 can be re-lowered into the 
provide a high surface area for hydrogen generation and be container 36 of solution and the valve 22 opened to release 
dark enough to absorb light efficiently. Nickel, platinum, and the gasses produced. Then, the valve 22 is closed, the cell 24 
palladium are good choices for electroplating as they are 35 raised, and the system is ready for further operation, 
known to interact with hydrogen at an atomic level and are An alternative embodiment 40 of the inventive electroly- 
used for hydrogenerations in organic chemistry. Cobalt is sis apparatus is depicted in FIGS. 3 and 4. Inventive appa- 
also particularly well suited for use in the inventive appa- ratus 40 comprises: an array of anode rods (e.g., wires) 42; 
ratus as the cathode plating/blacking metal. ^ a sheet of blacked cathodic material 48; a preferably trans- 
Trie instant inventors have determined that, if the coating parent barrier membrane 44, positioned between anode array 
is too thick, it may potentially interfere with the electrical 42 and the blacked surface of cathode 48, which will allow 
conductivity of the cathode. Thus, for purposes of the overall free flow of ions, but not bubbles 46 of gas; and a 
efficiency of the instant invention, the preferred electrode transparent window 50 that allows light, preferably visible 
deposit thickness will be under 1 mm thick, preferably less 45 and ultraviolet, to pass therethrough to the blacked surface 
than 0.1 mm, and in some cases can be as little as only a few of cathode 48. The upper portion 52 of barrier 44 is 
atoms thick. If the coating is too thick, the conductivity may preferably impermeable to gas to maintain separation 
suffer. If too thin, light absorption may suffer. between the hydrogen and oxygen produced. 

After a suitable amount of metal is deposited on the For simplicity, the external electrical components of 

cathode 2, it is preferably removed from the plating bath, 50 inventive apparatus 40 are not shown in FIGS. 4 and 5. 

rinsed with water and is ready to be placed in the electrolysis Window 50 can be formed of glass. However, because much 

cell. solar energy comes in the form of ultraviolet light which is 

An embodiment 20 of the inventive electrolysis apparatus largely absorbed by glass, it is preferred that the light 

is depicted in FIG. 5. Inventive apparatus 20 comprises: an admitting portions of the inventive cell be constructed of 

upper valve 22; a barrel 24 (e.g., a barrel of a glass syringe); 55 quartz, polymers, or other materials which will facilitate the 

a cathode preferably prepared as discussed hereinabove and transmission of UV light into the interior of the cell, 

most preferably comprising copper foil with nickel metal In the embodiment 20 of the inventive electrolysis appa- 

electroplated on inside surface 27 thereof; an anode 28 (e.g., ratus depicted in FIG. 3, no effort is made to separate the 

a nickel-chromium wire); an upper gas collection space 30 hydrogen and oxygen gasses produced. However, it should 

in barrel 24 (wherein both H 2 and 0 2 accumulate); a level 32 ^ De d ear mat 20 could be modified to allow for separa- 

of electrolyte solution in barrel 24; a light source 34; a base tion of the gasses produced. For example, a permeable or 

container 36 (e.g., a beaker); and a level 38 of electrolyte semi-permeable membrane, or even a thin, fine mesh sheet 

solution in base container 36. Inside surface 27 of cathode which could trap bubbles, but let light and the solution 

preferably faces anode 28 and light source 34. pass-through, could be used. 

In embodiment 20 of the inventive apparatus, the anode 65 The electrolyte solution 38 employed in the inventive 

28 is preferably a conductive wire composed of nickel- electrolysis system is most preferably a dilute solution of 

chromium alloy (e.g., nichrome). However, all that is nec- sulfuric acid (H 2 SQ 4 ) in water at a pH in the range of from 
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about 0, ,0 about 7. Tbe solution 38 wm mostly ZZTo^^^^^ 

have a P H of about 2. Of course, other morganic and o^amc and forth over the ^ electroplated with a 

acids may be equally useful, aswouM 5££3£ 3SSV * the completion of the 

Sr^^^^^^ 5 process, the cathode 2 was removed and 

Sc^se of ^generation of other gasscs in the system that rinsed with tap water. 

STbe corrosive to die electrodes. Further, some magne- Next, cathode 2 was employed in ~<*ffiW«~? 

£ or aluminum salts can form gels under certain condi- using an electrolysis system as *££^J*£Z 

L „f nil which would render the cell less conductive, 28 used was a mchrome wire. The electrolyte 38 was an 

referX^»W^ lh ^ bl0d - 10 aqueous sulphuric acid solution having a pH of 2. Cadiode 

nu access of right to the cathode). Under some 2 and anode 28 were held in place » synnge buret 24 using 

cuLnTtoL alkaUne electrolyte solutions (i.e. above pH a cork having holes formed therethrough to allow free 

S^S^ST The maTrequirements are that die m0 vementof the electrolyte solution. The power »»» was 

SCns bereladvely conductive and not be overly corro- Meed to the cathode by means of an ^ed ^ wu* 

SK the nnder the electrolys, condition, or „ ^XZttS^SX 

"E^ suitable electrolytes ^ lithmm 2^---!^^ 

requirement being that the electrolyte solution be » ™ ™ ^ sK 34 was partially filled with elec- 

eonductive, have only limited, and P-ferably no ^ gg„L*b* above and the 

bence of the incident light, and not mterfere ^ wdh the W syringe was recorded The system 

photo-assisted electrochemistry occurring at the ekctrodes_ for five minutes and the amount of 

Current for both the electroplating and the photo-assisted ^ . ^ generated in the test was deter- 

electrolysis is preferably provided by a standard commercial comparing the fluid volume in the syringe after the 

transformer 6, 55 of the type sold as a battery replacement ^ vo hune at the beginning of the test. 

This could be replaced by batteries or almost anyothe obs6ived ^ tbe 

sssssarissrf 5rr=s ss^t^ar " 0N " *" ■* !W " 

riuSSStoto, m»w>i«»ninDe.««l» elated » It, pk»d«*i. ««*> » •» *»« 

An overarching goal of this instant invention is to use equation: 
solar energy— especially visible and ultraviolet light—to 

ttJ££^^wZZF£ 40 whereEistheeneigyofmeel^hisP^s— . 

SeS^lecon^erdally.ri^manyother „ is the frequency of die ™* 

Sources could have been selected in the alternative. It function of the metal. In general, the P^ toe ^^f * 

EldTnoted that this source is relatively poor in high described using ultraviolet light which is of higher energy 

Sy Uv St and rich in lower energy visible light 45 .ban visible light. Vutible tight generally^ does nothave 

7™, ^ sufficient energy to give to an electron to enable it to reduce 

surface, or lenses or mirrors could be used to so cathode^ ^ 

band or monochromatic light sources could be used. e-*»-w+p 

EXAMPLE ss W hete Pis the energy associated with the externally imposed 

Using an electroplating apparatus 1 as depicted in .FIGS. ek«*fc ifldi 

1 and 2, a cathode 2 was formed and electroplated with ^« a ~f ™ ^ an e {^tr 0 n from the 

nickel. The DC power supply employed - Sie^W neloed for electrolysis. From 

system included a plug-m transformer and a variable res^ c^uptoinee „ required to 
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minimum energy of a photon needed to split water drops into 
the visible spectrum, and potentially lower. 

This is graphically depicted in Table 1. As illustrated in 
Table 1, the external potential on the electrodes provides the 
electron energy to go from A (energy level with no applied 5 
electric potential) to B (energy level with electric potential 
applied) but the electron does not have the energy to 
electrolyze water until that energy is provided by the photon 
of light. In other words, the energy A-C is the total needed 
for electrolysis, the energy A-B is provided by the externally 10 
imposed potential on the electrodes, and the energy B-C is 
provided by the light photons. The energy level B varies, 
increasing with increased imposed external potential. As the 
potential is raised, the additional photon energy required for 
electrolysis is reduced, enabling the capture and use of a 15 
larger portion of the incident light. 



TABLE 1 



Increasing 
Energy 
Level 



(energy level needed to reduce water to 
hydrogen and oxygen) 

B 



(energy level of an electron in the 
with an external potential) 

A 

(energy level of an electron in the metal with no 
applied electric potential) 



20 



25 



30 



35 



40 



Since, according to the photoelectric effect, a photon 
imparts energy to a single electron, the number of photons 
needed of above the minimum energy level is (within limits 
imposed by the cell design) directly proportional to the 
number of electrons produced and the amount of hydrogen 
and oxygen produced In other words, the more intense the 
light, the more hydrogen will be produced, all other things 
being equal. However, the production of hydrogen can also 
be limited by the number of electrons available at the 
cathode, or the flow of electrons, or the electrical current. 

In contrast to other systems heretofore contemplated, it is 
preferred that neither the cathode nor the anode employed in 
the inventive electrolysis apparatus include any semicon- 
ductor materials. The inventive apparatus will operate at 45 
voltages lower than 2.0, although such operation may be a 
less efficient use of the photoenergy. Additionally, in the 
instant invention, it is not necessary (but may be desirable) 
to add resistance to the circuit formed by the cathode and 
anode, other than the resistance that naturally occurs in the 
cell. Further, the instant invention uses light to energize the 
electrons in the cathode metal, rather than to ionize the 
electrolyte solution. The inventive system preferably uses 
the cathode to capture light and act as a surface for elec- 
trolysis. 

While the inventive device has been described and illus- 
trated herein by reference to certain preferred embodiments 
in relation to the drawings attached hereto, various changes 
and further modifications, apart from those shown or sug- 
gested herein, may be made therein by those skilled in the 
art, without departing from the spirit of the inventive 
concept, the scope of which is to be determined by the 
following claims. 

What is claimed is: 

1. An apparatus for photoelectrolysis comprising: 
a container; 

a cathode positioned in said container; and 



50 
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an anode positioned in said container, 

said container being operable to allow transmission of 

light to said cathode from a light source external to said 

container, 

said cathode comprising a sheet of conductive metal 
blacked with a layer of conductive metal disposed on 
one side of said sheet of conductive metal in a manner 
such that said layer of conductive metal is operable for 
both absorbing said light and for acting as a cathodic 
surface for electrolysis, and 

said anode being an array of rods positioned adjacent said 
layer of conductive metal. 

2. An apparatus for photoelectrolysis comprising: 
a container; 

a cathode positioned in said container, and 

an anode positioned in said container; 

said container being operable to allow transmission of 

light to said cathode from a light source external to said 

container, 

said cathode comprising a sheet of conductive metal 
blacked with a layer of conductive metal in a manner 
such that said layer of conductive metal is operable for 
both absorbing said light and for acting as a cathodic 
surface for electrolysis, and 

said sheet of conductive metal being formed in a shape of 
a partial cylinder having an inside surface and wherein 
said inside surface has been blacked with said layer of 
conductive metal. 

3. The apparatus of claim 2 wherein said anode is an 
elongate member positioned adjacent said inside surface 
such that all points of said inside surface are substantially 
equidistant from said anode. 

4. An apparatus for photo-assisted electrolysis compris- 
ing: 

a cathode effective both for collecting light energy to 
assist said electrolysis and for acting as an electrode for 
said electrolysis; 

an anode; and 

an external electrical power source electrically connected 
to said cathode and to said anode such that said external 
electrical power source is effective for establishing an 
electrical potential between said cathode and said 
anode. 

5. The apparatus of claim 4 wherein said external elec- 
trical power source is effective for establishing a sufficient 
electrical potential between said cathode and said anode 
such that light energy in the visible spectrum collected by 
said cathode will assist said electrolysis. 

6. The apparatus of claim 4 wherein said cathode includes 
no semiconductor materials. 

7. The apparatus of claim 4 wherein said anode includes 
no semiconductor materials. 

8. The apparatus of claim 4 wherein said cathode com- 
prises a base of conductive metal blacked with a layer of 
conductive metal in manner such that said layer of conduc- 
tive metal is effective for both absorbing light and acting as 
a cathode surface for said electrolysis. 

9. The apparatus of claim 8 wherein said base has been 
blacked by electroplating a surface of said base to form said 
layer of conductive metal thereon. 

10. The apparatus of claim 8 wherein said cathode con- 
sists essentially of only said base and said layer of conduc- 
tive metal and wherein said base and said layer of conduc- 
tive metal include no semiconductor materials. 

11. The apparatus of claim 8 wherein said base consists 
essentially of a metal, in elemental form, selected from the 
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group consisting of: copper, nickel, lin, silver, gold, 
platinum, palladium, graphite, graphite carbon, iron, 
chromium, manganese, titanium, and alloys thereof. 

12. The apparatus of claim U wherein said base is formed 
of copper. 5 

13. The apparatus of claim 8 wherein said layer of 
conductive metal consists essentially of a metal, in elemen- 
tal form, selected from the group consisting of nickel, 
platinum, palladium, and cobalt. 

14. The apparatus of claim 13 wherein said layer of 10 
conductive metal is formed of nickel. 
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15. The apparatus of claim 8 further comprising a con- 
tainer wherein said cathode and said anode are positioned, 
said container being effective for allowing transmission of 
light therethrough to said cathode from a light source 
external to said container. 

16. The apparatus of claim 15 further comprising an 
acidic electrolyte in said container, said cathode and said 
anode being positioned in said acidic electrolyte. 
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This invention employs a novel approach to the copper 
metallization of a workpiece, such as a semiconductor 
workpiece. In accordance with the invention, an alkaline 
electrolytic copper bath is used to electroplate copper onto 
a seed layer, electroplate copper directly onto a barrier layer 
material, or enhance an ultra-thin copper seed layer which 
has been deposited on the barrier layer using a deposition 
process such as PVD. The resulting copper layer provides an 
excellent conformal copper coating that fills trenches, vias, 
and other microstructures in the workpiece. When used for 
seed layer enhancement, the resulting copper seed layer 
provide an excellent conformal copper coating that allows 
the microstructures to be filled with a copper layer having 
good uniformity using electrochemical deposition tech- 
niques. Further, copper layers that are electroplated in the 
disclosed manner exhibit low sheet resistance and are 
readily annealed at low temperatures. 

27 Claims, 10 Drawing Sheets 
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METHOD FOR ELECTROLYTICALLY the integrated circuit may process the electncal signals, 

nFPmrrmr COPPER ON A wnile smaller propagation delays increase this speed. 

WMT^NDUCTOR WORKPIECE Accordingly, integrated circuit manufacturers seek ways in 

SEMICONDUCTOR WUKKru^J!, ^ ^ propagation delays> 

CROSS-REFERENCE TO RELATED 5 For each interconnect path, signal propagation delay may 

APPLICATIONS characterized by a time delay x. See E. H. Stevens, 

Interconnect Technology, QMC, Inc., July 1993. An 

This is a continuation application of International PCT approximate expression for the time delay, x, as it relates to 

Patent Application No. PCT/US99/06306, designating the me transmission of a signal between transistors on an 

US, filed Mar. 22, 1999, entitled APPARATUS AND integrated circuit is given below. 
METHOD FOR ELECTROLYTICALLY DEPOSITING 

COPPER ON A SEMICONDUCTOR WORKPIECE, which T«Rqi+^ r /RW)] 

continuation U.S. patent application Ser. No. 09/045,245, In mis equat i on> R and C are, respectively, an equivalent 

filed Mar. 20, 1998, now U.S. Pat. No. 6,197,181, and U.S. rcs istance and capacitance for the interconnect path and 1^ 
patent application Ser. No. 60/085,675, filed May 15, 1998. J5 ^ v ^ ^ reS pectively, the saturation (maximum) cur- 

mwyk „ n .ttv rent and the drain-to-source potential at the onset of current 

STATEMENT REGARDING FEDERALLY me tam ^ u thjlt applie s a signal to the 

SPONSORED RESEARCH OR DEVELOPMENT SS^L path . ^ path resistant is proportional to the 

Not Applicable resistivity, p, of the conductor material. The path capaci- 

20 tance is proportional to the relative dielectric permittivity, 

BACKGROUND OF THE INVENTION K„ of the dielectric material. Asmall value of x requires that 

„ . . _ . , ■ j • i- the interconnect line carry a current density sufficiently large 

In the fabrication of microelectronic devices, application to ^ ^ ^ y ^ ^ It follows therefore, that 
of one or more metallization layers is often an important step & conductor which can carry a high current density 
in the overall fabrication process The metallization may d a 1ow _k dielectric must be utilized in the manufacture 
used in the formation of discrete microelectronic of ^.performance integrated circuits, 
components, such as reacVwnte heads, but it is more often To ^ ^ f • copper interconnect lines 
used to interconnect components formed on a workpiece within a low . K dielectric will likely replace aluminum- 
such as a semiconductor workpiece. For example, such ^ a silicoQ oxide dielectric as the most 
structures are used to interconnect the devices of an inte- ^ mterconnect structure. See "Copper Goes Main- 
grated circuit. stream: Low-k to Follow", Semiconductor International, 
A basic understanding of certain terms used herein will November 1997, pp. 67-70. Resistivities of copper films are 
assist the reader in understanding the disclosed subject m the range of 1.7 to 2.0 /iQcm.; resistivities of aluminum- 
matter. To this end, basic definitions of certain terms, as used aims are in the range of 3.0 to 3.5 /iQcm. 
in the present disclosure, are set forth below. 35 Despite the advantageous properties of copper, it has not 
Single Metallization Level is defined as a composite level been as widely used as an interconnect material as one 
of a workpiece that is exterior to the substrate. The would expect. This is due, at least in part, to the difficulty of 
composite level comprises one or more metal struc- depositing copper metallization and, further, due to the need 
hires. for the presence of barrier layer materials. The need for a 
Substrate is defined as a base layer of material over which 40 barrier layer arises from the tendency of copper to diffuse 
one or more metallization levels are disposed. The into silicon junctions and alter the electrical characteristics 
substrate may be, for example, a semiconductor wafer, of the semiconductor devices formed in the substrate. Bar- 
a ceramic block, etc. rier layers made of, for example, titanium nitride, tantalum 
Workpiece is defined as an object that at least comprises nitride, etc., must be laid over the silicon junctions and any 
a substrate, and may include further layers of material 45 intervening layers prior to depositing a layer of copper to 
or manufactured components, such as one or more prevent such diffusion. 

metallization levels, disposed on the substrate. A number of processes for applying copper metallization 

An integrated circuit is an interconnected ensemble of to semiconductor workpieces have been developed in recent 

devices formed within a semiconductor material and within years. One such process is chemical vapor deposition 

a dielectric material that overlies a surface of the semicon- 50 (CVD), in which a thin copper film is formed on the surface 

ductor Devices which may be formed within the semicon- of the barrier layer by thermal decomposition and/or reac- 

ductor include MOS transistors, bipolar transistors, diodes tion of gas phase copper compositions. A CVD process can 

and diffused resistors. Devices which may be formed within result in conformal copper coverage over a variety of 

the dielectric include thin-film resistors and capacitors. topological profiles, but such processes are expensive when 

Typically, more than 100 integrated circuit die (IC chips) are 55 used to implement an entire metallization layer, 

constructed on a single 8 inch diameter silicon wafer. The Another known technique, physical vapor deposition 

devices utilized in each dice are interconnected by conductor (PVD), can readily deposit copper on the barrier layer with 

paths formed within the dielectric. Typically, two or more relatively good adhesion when compared to CVD processes, 

levels of conductor paths, with successive levels separated One disadvantage of PVD processes, however, is that they 

by a dielectric layer, are employed as interconnections. In 60 result in poor (non-conformal) step coverage when used to 

current practice, an aluminum alloy and silicon oxide are fill microstructures, such as vias and trenches, disposed in 

typically used for, respectively, the conductor and dielectric. the surface of the semiconductor workpiece. For example, 

Delays in propagation of electrical signals between such non-conformal coverage results in less copper deposi- 

devices on a single die limit the performance of integrated tion at the bottom and especially on the sidewalk of trenches 
circuits More particularly, these delays limit the speed at 65 in the semiconductor devices. 

which an integrated circuit may process these electrical Inadequate deposition of a PVD copper layer into a trench 
signals Larger propagation delays reduce the speed at which to form an interconnect line in the plane of a metallization 
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layer is illustrated in FIG. 1. As illustrated, the upper portion equal to or greater than about 10% of the nominal seed layer 
of the trench is effectively "pinched off" before an adequate thickness over an exteriorly disposed surface of the work- 
amount of copper has been deposited within the lower piece. 

portions of the trench. This result in an open void region that in accordance with a specific embodiment of the process, 

seriously impacts the ability of the metallization line to carry 5 a copper-containing metallization interconnect structure is 

the electrical signals for which it was designed. formed. To this end, the ultra-thin seed layer is enhanced by 

Electrochemical deposition of copper has been found to subjecting the semiconductor workpiece to an electrochemi- 

provide the most cost-effective manner in which to deposit cal copper deposition process in which an alkaline bath 

a copper metallization layer. In addition to being economi- having a complexing agent is employed. The copper com- 

cally viable, such deposition techniques provide substan- 10 plexing agent may be at least one complexing agent selected 

tially conformal copper films that are mechanically and from a group consisting of EDTA, ED, and a polycarboxylic 

electrically suitable for interconnect structures. These acid such as citric acid or salts thereof, 

techniques, however, are generally only suitable for apply- Various plating bath compositions suitable for blanket 

ing copper to an electrically conductive layer. As such, an plating, fill-plating of recessed micro-structures, and seed 

underlying conductive seed layer is generally applied to the 15 i ayer enhancement plating are also set forth. A preferred 

workpiece before it is subject to an electrochemical depo- solution for electroplating copper for seed layer enhance- 

sition process. Techniques for electrodeposition of copper on menl comprises copper sulfate, boric acid, and a complexing 

a barrier layer material have not heretofore been oommer- agent. The complexing agent is preferably selected from the 

cially viable. group consisting of ED, EDTA, and a polycarboxylic acid, 

The present inventors have recognized that there exists a 20 suc j, ^ c j tr fc acid. This solution is also suitable for blanket 

need to provide copper metallization processing techniques plating and fill-plating of recessed micro-structures, 

that 1) provide conformal copper coverage with adequate A plating solution that improves the resistivity of the 

adhesion to the barrier layer, 2) provide adequate deposition waiting film ^ ^ f orm . The plating solution 

speeds, and 3) are commercially viable. These needs are met pre f e rably comprises copper sulfate, ammonium sulfate, and 

by the apparatus and processes of the present invention as 25 emy i ene glycol. This solution is also suitable for blanket 

described below. plating and fill-plating of recessed micro-structures. 

BRIEF SUMMARY OF THE INVENTION BRrEF DESCRIPTION OF THE SEVERAL 

This invention employs a novel approach to the copper VIEWS OF THE DRAWINGS 

metallization of a workpiece, such as a semiconductor 30 „ . t . M1 4 ,. . . _ 

, " , \ . ' # . q1Vq1 - FIG. 1 is a cross-sectional view illustrating an lntercon- 

workpiece. In accordance with the invention, an alkaline 1 • , , , . pvn 

electrolytic copper bath is used to electroplate copper onto *«* ^rmcd completely by PVD copper, 
a seed layer, electroplate copper directly onto a barrier layer FIGS. 2A-2E are cross-sectional views through a semi- 
material or enhance an ultra-thin copper seed layer which conductor workpiece illustrating the various layers of mate- 
has been deposited on the barrier layer using a deposition 35 rial as they are applied in accordance with one embodiment 
process such as PVD. The resulting copper layer provides an of the present invention. 

excellent conformal copper coating that fills trenches, vias, FIG. 3 is a schematic representation of an apparatus 

and other microstructures in the workpiece. When used for suitable for enhancing an ultra-thin seed layer. 

seed layer enhancement, the resulting copper seed layer RG.4A is a graph frustrating me current^^ 

provide an excellent conformal copper coating that allows 40 of a plating solution using a polycarboxylic acid, such as 

the microstructures to be filled with a copper layer having c itric acid, as a complexing agent 

good uniformity using electrochemical deposition tech- ^IG. 4B a graph illustrating the current-potential curves 

niques. Further, copper layers that are electroplated in the Q f a p i a ti n g solution using EDTA, an amme-containing 

disclosed manner exhibit low sheet resistance and are plating solution, as the complexing agent, 

readily annealed at low temperatures. 45 pi G 4c is a graph of sheet resistance change with 

The disclosed process, as noted above, is applicable to a annealing temperature for copper films deposited from a 
wide range of steps used in the manufacture of a metalliza- bam go^on with and without ammonium sulfate, 
tion layer in a workpiece. The workpiece may, for example, nQ 4p fc a . illustrating plating solution conduc- 
ts a semiconductor workpiece that is processed to form _ ^ a of ethylene glycol concentration in 
integrated circuits or other microelectromc components 50 coUat ing solutions with and without ammonium sulfate. 
Without limitation as to the apphcability of the disclosed * eletromicrograph photograph illus- 
m vention,aprocessforenh^ tratmg an ultra-min seed layer. 

A process for applying a metallization interconnect struc- * . ~ . , , 4 . .„ m 

ture to a workplace having a barrier layer deposited on a ™ 6Ais a scanning ; eletromicrograph photograph ^illus- 

surface thereof is also J forth. Tlie pLess includes the 55 trating an ultra-tmn seed layer that has been enhanced in a 

forming of an ultra-thin metal seed layer on the barrier layer. citnc acid bath. 

The ultra-thin seed layer has a thickness of less than or equal FIG. dB is a scanning eletromicrograph photograph illus- 

to about 500 Angstroms and may be formed from any trating an ultra-thin seed layer that has been enhanced in an 

material that can serve as a seed layer for subsequent metal EDTA bath. 

deposition. Such metals include, for example, copper, cop- 60 FIG. 7 is a schematic representation of a section of a 
per alloys, aluminum, aluminum alloys, nickel, nickel semiconductor manufacturing line suitable for implement- 
alloys, etc.' The ultra-thin seed layer is then enhanced by ing the disclosed seed layer enhancement steps, 
depositing additional metal thereon in a separate deposition DETAILED DESCRIPTION OF THE 
step to provide an enhanced seed layer that is suitable for use INVENTION 
in a primary metal deposition. The enhanced seed layer has 65 

a thickness at all points on sidewalls of substantially all This invention employs a novel approach to applying 

recessed features distributed within the workpiece that is copper metallization to a workpiece, such as a semiconduc- 
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tor workpiece In accordance with the invention, an alkaline such, the seed layer 15 is not fully suitable for the tradiuonal 
SSSJSis used to electroplate copper onto electroplating techniques typically used after application of 
a seed layer, electroplate copper directly onto a barrier layer a seed layer. 

material, or enhance an ultra-thin copper seed layer which ^ resent mvell tois have found that an ultra-thin seed 
has been deposited on the barrier layer using a deposition 5 . r can ^ 6mployed jf it is combined with a subsequent 
process such as PVD. Additionally, a method for applying a el ; ctrochemica i xed i aye r enhancement technique. To this 
metallization layer will be disclosed. Although the disclosed semiconductor workpiece is subject to a subsequent 

method may be used in connection with a substanUd mmi- ' which ^ of co ^ 18 * 

berofdifferentmetalconjposino^ P P thereby enhance the 

disclosed herein is directed to the application of a copper- ,„ appned i» ^ additiona] dcposi . 

containing metallization layer. To thu . end, an attabne ^^P^usLed in FIG. 2C. As shown in FIG. 2C, 
electrolytic copper bath is used to enhance an ult^hin 0 ^ 0 n-continuous regions 20 of FIG. 2B have been 

copper seed layer wh.ch has been deputed on a bamer substantially all of the barrier layer 10 

layer using a deposition process such as PVD. The enhanced "f » ° 

copper set d layeTprovides an excellent confonnal copper M covered with copper. 

coating that allows trenches and vias to be subsequently Preferably, the seed layer enhancement process contioues 
filled with a copper layer having good uniformity using until a sidewall step coverage, i.e., the ratio of the seed layer 
electrochemical deposition techniques. thickness at the bottom sidewall regions 22 to the nominal 

Across-sectional view of a micro-structure, such as trench thickness of the seed layer at the e xtenorly dispreed side 23 
5 that is to be filled with copper metallization is illustrated M of the workpiece, achieves a value of at least 10%. More 
ill FIG 2A and will be used to to describe the seed layer preferably, the sidewall step coverage is at least about 20%. 
enhancement aspects of the present invention. As shown, a Such sidewall step coverage values are present in substan- 
tia barrier layer 10 of, for example, titanium nitride or tially all of the recessed stractures of the semiconductor 
tantalum nitride is deposited over the surface of a semicon- workpiece. It will be recognized, however, that certain 
ductor device or, as illustrated in FIG. 2A, over a layer of a ^ recessed structures distributed within the semiconductor 
dielectric 8, such as silicon dioxide. The barrier layer 10 acts woikpiece may not reach these sidewall step coverage 
to prevent the migration of copper to any semiconductor values. For example, such structures disposed at the penpb- 
device formed in the substrate. Any of the various known eral edges of a semiconductor wafer may not reach tbese 
techniques, such asCVDor PVD, can be used to deposit the step coverage values. Similarly, defects or contaminants at 
barrier layer depending on the particular barrier material x the situs of certain recessed structures may prevent them 
being used Preferably, the thickness for the barrier layer is from reaching the desired coverage values. The nominal 
approximately 100 to 300 Angstroms. thickness of the enhanced seed layer at the exteriorly d^- 

After the deposition of the barrier layer, an ultra-thin posed side of the workpiece is preferably in the range of 500 
copperseedlayerl5isdepositedonthebarrierlayerl0.The angstroms 1600 angstroms. 

resulting structure is illustrated in FIG. 2B. Preferably, the 35 Although the embodiment of the process disclosed herein 
copper seed layer 15 is formed using a vapor deposition fc described in connection with copper metallization, it is 
technique, such as CVD or PVD. In order to have adequate understood that the basic principle of the enhancement of an 
adhesion and copper coverage, a relatively thick (1000 ultra-thin seed layer prior to the bulk deposition thereof can 
Angstroms) copper seed layer is usually required. Such a ^ app ii e d to other metals or alloys that are capable of being 
thick seed layer leads to problems with close-off of small 40 electroplated. Such metals include iron, nickel, cobalt, zinc, 
geometry trenches, however, when a PVD deposition pro- copper-zinc, nickel-iron, cobalt-iron, etc. 
cess is employed for applying the seed layer. A represe ntation of an apparatus 25 suitable for 

Contrary to traditional thoughts regarding seed layer enhancm ^ ^tra-thin copper seed layer is illustrated in 
application, the copper seed layer 15 oi me illustrated nQ 3 It ^ ^ recognized that this apparatus is also 
embodiment is ultra-thin, having a thickness of about 50 to 45 for ,^ a blanket platmg layer and/or full-fill 

about 500 Angstroms, preferably about 100 to about 250 of recessed micro-structures As shown, a semicon- 

Angstroms, and most preferably about 200 Angstroms_Tbe ^ M a semiconductor wafer 30, is 

ultra-thin copper seed layer can be deposited using a CVD itioned {ace down ^ a bat h 35 of electroplating solution, 

or a PVD process, or a combination of both. PVD is the ^ ^ 40 ue provide d to connect the wafer 

preferred application process, however, because it can 50 30 to a platin g po W cr supply 45 as a cathode of an electro- 
readily deposit copper on the barrier layer 10 with relatively ^ 50 ^ disposed in me bath 35 and is 

good adhesion. By depositing an ultra-thin seed layer of J^J^ to me ^ supply 45. Preferably, a 

copper, rather than the relatively thick seed loused ,n the <m ^ t 5J fa me modc 50 and the 

prior art, pinching off of the trenches can be avoided. wafer/cathode 30 The wafer 30 may be routed about axis 60 

The use of an ultra-thin seed layer 15 generally introduces 55 during tbe enhancement process. Anode 50 may be provided 
its own set of problems. One of the most significant of these ^ ^ sbield 55 at a backside thereof which faces 

problems is the fact that such ultra-thin layers do not ^ ^ • of p i ating balh flmd . 

generally coat the barrier layer 10 in a uniform manner. " _,„„, ;„„„„»,„„ 

RatoeTvoids or non^ntinuous seed layer regions on the As noted above, certam aspects of die present mvenUon 
sioewa^ch as at 20, are often present in an ultra-thin 60 relate to new and useful plating solutions. These solutions 
seeo^ytrTs thereby resulting in the inability to properly can be used for blanket plating, 

anolv asubsequentelectrochemicaUy deposited copper layer micro-structures, seed layer enhancement, etc. Thepreferred 
uTthe 22 2d Farther, ultra-tWn seed layerY tend to electrolytic bath solution for enhancing the seed layer ^ an 
mcmde "5E such as at 21, that impact the uniformity of alkaline copper bath "^^"^Z^^t 
the subsequent electrolytically deposited metal layer. Such 65 with a complexmg .agent. Apreferred composition £d™nge 
spites 21 result in high potential regions at which the copper of concentrations for the various components of the plating 
deposits at a higher rate than at other, more level regions. As bath include the following: 
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1. Copper sulfate: 0.03M to 0.25M (preferably, 0.04); This plating voltage is referred to as the deposition potential, 

2. Complexing agent: complex to metal ratios from 1 to which is approximately -1.25 volts as shown in FIG. 4Afor 
4, preferably 2; a bath employing citric acid as the complexing agent, and is 

3. Boric acid: 0.01M to 0.5M, preferably 0.05M; and approximately -1.0 volts as shown in FIG. 4B for a bath 

4. pH: 5-13, preferably 9.5. 5 employing EDTA as the complexing agent The current 
A preferred source of copper ions is copper sulfate peaks (70 70' for the a bath containing a citric acid, and 72, 

(CuS0 4 ). The concentration of copper sulfate in the bath is 72' for the bath containing the EDTA) are the limiting 

preferably within the range of 0.03 to 0.25 M, and is more currents which are mainly determined by mass transfer and 

preferably about 0.1 M. the concentration of copper ions in the plating solutions. As 

Cbmplexing agents that are suitable for use in the present 10 illustrated, the magnitude of the current and the particular 

invention form a stable complex with copper ions and plating potential is slightly dependent on the substrate 

prevent the precipitation of copper hydroxide. Ethylene material. The different substrate results are illustrated in 

diamine tetracetic acid (EDTA), ethylene diamine (ED), FIGS. 4A and 4B, where 70 and 72 are the curves for a 

citric acid, and their salts have been found to be particularly copper substrate material, and 70' and 72' are curves for a 

suitable copper complexing agents. The molar ratio of 15 copper substrate material comprised of copper with a copper 

complexing agent to copper sulfate in the bath is preferably oxide coating. It is noted that additional peaks occur on 

within the range of 1 to 4, and is preferably about 2. Such oxidized copper in the same electrolytes. These peaks are 

complexing agents can be used alone, in combination with related to the electrochemical reduction of copper oxide to 

one another, or in combination with one or more further metallic copper before the alkaline electrochemical copper 

complexing agents. 20 deposition. 

The electrolytic bath is preferably maintained at a pH of It is believed that a copper layer plated at a higher plating 

at least 9.0. Potassium hydroxide, ammonium hydroxide, potential in an alkaline bath provides greater adhesion to the 

tetramethylammonium hydroxide, or sodium hydroxide is underlying barrier layer than a copper layer plated at a lower 

utilized to adjust and maintain the pH at the desired level of plating potential in an acid bath. For copper to adhere to the 

9.0 or above. A preferred pH for a citric acid or ED bath is 25 barrier material, it is thought that copper ions must impinge 

about 95, while a preferred pH for an EDTA bath is about on the barrier surface with sufficient energy to penetrate a 

125. As noted above, the complexing agent assists in thin oxidized or contaminated layer at the barrier surface. It 

preventing the copper from precipitating at the high pH is therefore believed that a copper layer deposited at a higher 

level. magnitude plating potential adhere is better to the exposed 

Additional components can be added to the alkaline 30 barrier layer during the plating process when compared to a 

copper bath. For example, boric acid (H3BO3) aids in layer plated using a smaller magnitude plating potential, 

maintaining the pH at 95 when citric acid or ED is used as This factor, combined with the inter-copper chemical bond 

the complexing agent, and provides brighter copper deposits between the PVD copper and the electrochemically depos- 

when added to an electrolytic bath containing EDTA as the ited copper provides for an enhanced seed layer having 

complexing agent. If boric acid is added, its concentration in 35 excellent electrical as well as barrier adhesion properties, 

the bath is.preferably within the range of 0.01 to 0.5 M. Such characteristics are also desirable for films used in 

In general, the temperature of the bath can be within the blanket plating, full-fill plating, pattern plating, etc. 
range of 20 to 35° C, with 25° C. being a preferred It has been found that the resistivity of the deposited 

temperature. The current density for electrolytically depos- copper film is directly related to the resistivity of the plating 

iting copper to enhance the copper seed layer can be 1 to 5 40 bath solution. Additives that assist in lowering the resistivity 

milliamps/cm 2 , while a plating time of about 1 to about 5 of the solution therefore provide a corresponding reduction 

minutes is sufficient to enhance the copper seed layer. The in the resistivity of the deposited film, 
plating waveform may be, for example, a forward periodic Experimental results indicate that addition of ammonium 

pulse having a period of 2 msec at a 50% duty cycle. sulfate significantly reduces the resistivity of the plating bath 

An amine free acid complexing agent, for example, a 45 solution and, as such, the deposited film. The sheet resis- 
polycarboxylic acid, such as citric acid, and salts thereof, is tance obtained for different amounts of ammonium sulfate 
preferable to the use of EDTA or ED. EDTA and ED include are compared in the graph FIG. 4C. As can be seen, the 
amine groups. These amine groups often remain on the highest sheet resistance, either with or without annealing at 
surface of the semiconductor workpiece after rinsing and high temperatures, was obtained in the bath containing no 
drying of the wafer. Subsequent processes, particularly such 50 ammonium sulfate. If ammonium hydroxide was used to 
processes as photolithographic processes, may be corrupted adjust pH in which a trace amount of ammonium sulfate is 
by the reactions resulting from the presence of these amine introduced to the bath, the sheet resistance was reduced from 
groups. The amine groups may, for example, interfere with 76 to 23. As the concentration of ammonium sulfate 
the chemical reactions associated with the exposing and/or increased from 0.1 M to 0.5 M, the sheet resistance con- 
curing of photoresist materials. As such, amine free com- 55 tinuously decreased in a corresponding manner, 
plexing agents are particularly suitable in processes in which Although ammonium sulfate assists in reducing the sheet 
a photolithographic process follows an electrodeposition resistance of me deposited copper layer, experimental results 
process. indicate that it reduces the conformability of the resulting 

A further advantage of using a polycarboxylic acid, such copper film. However, the addition of ethylene glycol to the 

as citric acid, stems from the fact that the magnitude of the 60 ammonium sulfate containing solution substantially 

voltage potential at which the copper is plated is greater than increases the conformability of the resulting deposit. FIG. 

the magnitude of the voltage potential at which the copper 4D illustrates the relationship between the concentration of 

is plated in a bath containing EDTA. This is illustrated in ethylene glycol and the conductivity of a plating solution 

FIGS. 4A and 4B where FIG. 4A is a current-potential graph containing 0.2M the of ammonium sulfate, 
for a citric acid bath, and FIG. 4B is a current-potential 65 A preferred composition and range of concentrations for 

graph for an EDTA bath. Electroplating takes place at the the various components of a plating bath having ammonium 

voltage where the corresponding current increases abruptly. sulfate include the following: 
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1. Copper sulfate: 0.03M to 0.5M (preferably, 0.25M); 

2. Complexing agent: complex to metal ratios from 1 to 
4, preferably 2 using ED; 

3. Ammonium sulfate: 0.01M to 0.5M, preferably OJM; 
and 

4. Boric acid: 0.00 to 0.5M, preferably 0.2M. 
As noted above, such a bath composition can be used for 
blanket plating, pattern plating, full-fill plating, and seed 
layer enhancement. 

With reference again to the specific seed layer enhanced 
aspects of the present invention, the enhanced seed layer of 
FIG. 2C is suitable for subsequent electrochemical copper 
deposition. This subsequent copper deposition may take 
place in an alkaline bath within the apparatus employed to 
enhance the seed layer. This may be followed by a low- 
temperature annealing process that assists in lowering the 
resistivity of the deposited copper. Such a low-temperature 
annealing process preferably takes place at a temperature 
below about the 250 degrees Celsius and, more preferably, 
below about 100 degrees Celsius. When a low-K dielectric 
material is employed to isolate the copper structures, the 
upper annealing temperature limit should be chosen to be 
below the degradation temperature of the dielectric material. 

Although the foregoing alkaline bath compositions may 
be used for the entire electrochemical deposition process, 
subsequent copper deposition may take place in an acid 
environment where plating rates are substantially higher 
than corresponding rates associated with alkaline plating 
baths. To this end, the semiconductor workpiece is prefer- 
ably transferred to an apparatus wherein the workpiece is 
thoroughly rinsed with deionized water and then transferred 30 
to an apparatus similar to that of FIG. 3 wherein the plating 
bath is acidic. For example, one suitable copper bath com- 
prises 170 g/1 R^SO^ 17 g/1 copper and 70 ppm Chloride 
ions with organic additives. The organic additives are not 
absolutely necessary to the plating reaction. Rather, the 35 
organic additives may be used to produce desired film 
characteristics and provide better filling of the recessed 
structures on the wafer surface. The organic additives may 
include levelers, brighteners, wetting agents and ductility 
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Comparison of Acid Copper Plating With and 
Without Seed Layer Enhancement 

Semiconductor wafers 1, 2 and 3 were each coated with 
a 200 Angstrom PVD copper seed layer. In accordance with 
the present invention, wafers 1 and 2 had seed layer 
enhancement from citric acid and EDTA baths, respectively, 
the compositions of which are set forth below: 

Bath for Wafer 1: 0.1 M Cu S0 4 -t0.2 M Citric acid+0.05 
M H 3 B0 3 in D.I. water at pH 95, temperature 25° C. 

Bath for Wafer 2: 0.1 M Cu SO 4 +0.2 M EDTA acid+0.05 
H3BO3 in D.I. water at pH 12.5, temperature 25° C. 
Wafer 3 did not have any seed layer enhancement. 

The three wafers were then plated with a IS micron 
copper layer from an acid copper bath under identical 
conditions. The following 'ftble compares the uniformities, 
as deduced from sheet resistance measurements, of the three 
wafers after the deposition of a copper layer having a 
nominal thickness of 15 microns. 

TABLE 1 







Non-uniformity 


Enhancement 


t Current 


Standard deviation 


Wafer Bath 


Density 


(%,la) 


1 Citrate 


3 min. at 


7.321 




2 mA/cm 2 




2 EDTA 


3 min. at 


6.233 




2 mA/cm 2 




3 None 


0 


46.10 



As can be seen from the results in Table 1 above, seed 
layer enhancement in accordance with the disclosed process 
provides excellent uniformity (6 to 1%) compared to that 
without seed layer enhancement (46%). This is consistent 
with observations during visual examination of the wafer 
after 1.5 micron electroplated copper had been deposited. 



Such visual examination of the wafer revealed the presence 
enhancers. It is during this deposition process that the trench 40 of defects at wafer electrode contact points on the wafer 
5 is substantially filled with a further layer of electrochemi- without seed layer enhancement 

cally deposited copper 22. The resulting filled cross-section FIGS. 5, 6A and 6B are photographs taken using a SEM . 
is illustrated in FIG. 2D. After being filled in this manner, the In FIG. 5, an ultra-thin seed layer has been deposited on the 
barrier layer and me copper layers apposed above the trench surface of a semiconductor wafer, including micro- 
are removed using any suitable process thereby leaving only 45 structures, such as trenches 85. As shown, void regions are 



the trench 5 with the copper metallization and associated 
barrier material as shown in FIG. 2£. 

Use of an alkaline electrolytic bath to enhance the copper 
seed layer has particular advantages over utilizing acid 
copper baths without seed layer enhancement After depo- 
sition of the PVD copper seed layer, the copper seed layer 
is typically exposed to an oxygen-containing environment. 
Oxygen readily converts metallic copper to copper oxide. If 
an acid copper bath is used to plate copper onto the seed 
layer after exposure of the seed layer to an oxygen contain- 
ing environment, the acid copper bath would dissolve cop- 
per oxide that had formed, resulting in voids in the seed layer 
and poor uniformity of the copper layer deposited on the 
seed layer. Use of an alkaline copper bath in accordance with 
the disclosed embodiment avoids the problem by advanta- 
geously reducing any copper oxide at the surface of the seed 
layer to metallic copper. Another advantage of the alkaline 
copper bath is that the plated copper has much better 
adhesion to the barrier layer than that plated from an acid 
copper bath. Additional advantages of the seed layer 
enhancement aspects of the present invention can be seen 
from the following Example. 
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present at the lower comers of the trenches. In FIG. 6A, the 
seed layer has been enhanced in the manner described above 
in a bath containing citric acid as the complexing agent. This 
enhancement resulted in a conform al copper seed layer that 
is very suited for subsequent electrochemical deposition of 
copper metallization. 

FIG. 6B illustrates a seed layer that has been enhanced in 
a bath containing EDTA as the complexing agent. The 
resulting seed layer includes larger grain sizes that project as 
spikes from the sidewalk of the trenches. These sidewall 
grain projections make subsequent electrochemical deposi- 
tion filling of the trenches more difficult since they localize 
a higher plating rate resulting in non-uniformity of the 
subsequent electrochemical deposition. This effect is par- 
ticularly noticeable in recessed micro-structures having 
small dimensions. As such, a complexing agent such as citric 
acid is more preferable when filling small micro-structures. 
Results comparable for copper baths containing citric acid 
have also been achieved using ED as the complexing agent. 

FIG. 7 is a schematic representation of a section of a 
semiconductor manufacturing line 90 suitable for imple- 
menting the foregoing processes. The line 90 includes a 
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vapor deposition tool or tool set 95 and an electrochemical 
copper deposition tool or tool set 100. Transfer of wafers 
between the toolsAool sets 95 and 100 may be implemented 
manually or through an automated transfer mechanism 105. 
Preferably, automated transfer mechanism 105 transfers 
workpieces in a pod or similar environment. Alternatively, 
the transfer mechanism 105 may transfer wafers individually 
or in an open carrier through a clean atmosphere joining the 
tools/tool sets. 

In operation, vapor deposition tool/tool set 95 is utilized 
to apply an ultra-thin copper seed layer over at least portions 
of semiconductor workpieces that are processed on line 90. 
Preferably, this is done using a PVD application process. 
Workpieces with the ultra-thin seed layer are then trans- 
ferred to tool/tool set 100, either individually or in batches, 
where they are subject to electrochemical seed layer 
enhancement at, for example, processing station 10. Pro- 
cessing station 10 may be constructed in the manner set forth 
in FIG. 3. After enhancement is completed, the workpieces 
are subject to a full electrochemical deposition process in 
which copper metallization is applied to the workpiece to a 
desired interconnect metallization thickness. This latter pro- 
cess may take place at station 110, but preferably occurs at 
further processing station 115 which deposits the copper 
metallization in the presence of an acidic plating bath. 
Before transfer to station 115, the workpiece is preferably 
rinsed in DI water at station 112. Transfer of the wafers 
between stations U0, 112, and 115 may be automated by a 
wafer conveying system 120. The electrochemical deposi- 
tion tool set 100 may be implemented using, for example, an 
LT-210™ model or an Equinox™ model plating tool avail- 
able from Semitool, Inc., of Kalispell, MT. 

Numerous modifications may be made to the foregoing 
system without departing from the basic teachings thereof. 
Although the present invention has been described in sub- 35 
stantial detail with reference to one or more specific 
embodiments, those of skill in the art will recognize that 
changes may be made thereto without departing from the 
scope and spirit of the invention as set forth in the appended 
claims. 

What is claimed is: 

1. A process for applying a metal structure to a workpiece 
comprising: 

providing a first electroplating bath including copper 
sulfate as a source of metal ions as a principal metal 
species to be deposited during subsequent 
electroplating, ammonium sulfate, a complexing agent, 
and ethylene glycol; 

providing a workpiece on which one or more microelec- 
tronic devices are to be formed; 

exposing at least one surface of the workpiece to the first 
electroplating bath; 

providing electroplating power between the at least one 
surface of the workpiece and an anode disposed in 
electrical contact with the first electroplating bath to 
electroplate copper onto the at least one surface of the 
workpiece in an electrolytic first deposition process; 
and 

depositing additional copper onto the copper deposited in 
the first deposition process using a second deposition 
process that is different than the first electrolytic depo- 
sition process. 

2. The process of claim 1, wherein the copper sulfate is 
included at a level of 0.03 to 0.25 M. 

3. The process of claim 1, wherein the first electroplating 
bath comprises an alkaline bath. 



4. The process of claim 3, wherein the alkaline bath has 
a pH of at least 9.0. 

5. The process of claim 3, wherein the alkaline bath is pH 
adjusted with an alkaline agent selected from the group 
consisting of potassium hydroxide, ammonium hydroxide, 
tetramethylammonium hydroxide and sodium hydroxide. 

6. The process of claim 1, wherein the second deposition 
process occurs in an acidic electrolytic bath. 

7. The process of claim 1, wherein metal is deposited in 
the second deposition process at a higher rate than in the first 
deposition process. 

8. The process of claim 1, wherein the ammonium sulfate 
is included at a level of 0.1 to 0.5 M. 

9. The process of claim 1, further comprising depositing 
a barrier layer on the surface of the workpiece before the first 

15 deposition process. 

10. The process of claim 9, wherein metal is plated 
directly onto the barrier layer in the first deposition process. 

11. The process of claim 9, further comprising depositing 
an ultra-thin seed layer of metal onto the barrier layer before 
the first deposition process. 

12. The process of claim 1, wherein the complexing agent 
is selected from the group consisting of ED, EDTA, and a 
polycarboxylic acid. 

13. The process of claim 12, wherein the complexing 
agent is citric acid. 

14. A process for applying a metal structure to a work- 
piece comprising: 

providing a first electroplating bath including copper 
sulfate as a source of metal ions as a principal metal 
species to be deposited during subsequent 
electroplating, a complexing agent, and ethylene gly- 
col; 

providing a workpiece on which one or more microelec- 
tronic devices are to be formed, 
exposing at least one surface of the workpiece to the first 

electroplating bath; 
providing electroplating power between the at least one 
surface of the workpiece and an anode disposed in 
electrical contact with the first electroplating bath to 
electroplate copper onto the at least one surface of the 
workpiece in an electrolytic first deposition process at 
a first deposition rate; and 
depositing additional copper onto the copper deposited in 
the first deposition process using a second deposition 
process at a second deposition rate that is higher than 
the first deposition rate. 

15. A process for applying a metal structure to a work- 
piece comprising: 

providing a workpiece on which one or more microelec- 
tronic devices are to be formed; 
depositing a barrier layer on at least one surface of a 
workpiece; 

providing a first electroplating bath including copper 
sulfate as a source of principal metal species to be 
deposited during subsequent electroplating, ethylene 
glycol, a metal ion complexing agent, and an alkaline 
agent in an amount to adjust the pH of the first 
electroplating bath to a pH of at least 9.0; 
exposing the least one surface of the workpiece including 

the barrier layer to the first electroplating bath; 
providing electroplating power between the at least one 
surface of the workpiece and an anode disposed in 
electrical contact with the first electroplating bath to 
electroplate copper directly onto the barrier layer of the 
workpiece in an electrolytic first deposition process; 
and 
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depositing additional copper onto the copper deposited in electrical contact with the first electroplating bath to 

the first deposition process using a second deposition electroplate copper onto the at least one surface of the 

process at a second deposition rate that is higher than workpiece in an electrolytic first deposition process; 

a rate at which copper is deposited in the first deposi- and 

tion process. 5 depositing additional copper onto the copper deposited in 

16. The process of claim 15, wherein the alkaline agent ^ firsl deposit process ^ a xcond deposition 

selected from the group consisting of potassium hyaxoxide, ^ ^ fc ^ ^ ^ electrol ^ ic d 

ammonium hydroxide, tetramethylammomum hydroxide . . 

» • • i * • * si ti on process, 

and sodium hydroxide. <*+ A i ^ i *♦ i *• 

17. The process of claim 15, wherein the second deposi- 10 21 ct W er electroplating solution comprising copper 
tion process occurs in an acidic electrolytic bath. sulfate 35 a scnmx of «W er lons 31 a lcvel so as to be the 

18. The process of claim 15, wherein the complexing principal metal species, ammonium sulfate, and ethylene 
agent is selected from the group consisting of ED, EDTA, S^ 001 at a levl of greater than 0 to 1.0 Molar, the solution 
and a polycarboxylic acid. being formulated so as to be suitable for electrodeposition of 

19. The process of claim 18, wherein the complexing 15 copper onto a microelectronic workpiece. 

agent is citric acid. 22- The solution of claim 21, further comprising a com- 

20. A process for applying a metal structure to a work- plexing agent. 

piece comprising* 23- The solution of claim 22 wherein the complexing 

providing a first electroplating bath including copper a ^ nt h f lec ^ ^ m *f & rou P insisting of ED, EDTA, 

sulfate as a source of metal ions as a principal metal 20 and a polycarboxylic acid. ^ 

species to be deposited during subsequent 24 ™ e !° lut ™ of claun 23 wherein ** ™>Pk™* 

electroplating, a complexing agent, ethylene glycol, agent isatnc acid. 

, « a. ■ * rc • • *u 25. The solution of claun 21, further comprising an 

and an alkaline agent in an amount sufficient to raise the n ' ~. 7 «T . VT . ^ ™ 

pH of the bath to at least 9.0; d * kBhx ? ?8 ent 111 f s^™ 1 to the P H of 

25 me solution to at least 9.0. 

providing a workpiece on which one or more microelec- 26 ^ of daim 21 whmin me ammonium 

tromc devices are to be formed; sulfate is included at the level of 0.1 to 0.5 M. 

exposing at least one surface of the workpiece to the first 27. The solution of claim 21, further comprising boric 

electroplating bath; acid at a level of 0.01 Molar to 0.5 Molar, 
providing electroplating power between the at least one 

surface of the workpiece and an anode disposed in * ♦ * * * 
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